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The main focus of the present work is addressed to the field of organic 
electronics, which has attracted increasing interest for the 
development of flexible, large area and low cost electronic 
applications, from light emitting diodes to thin film transistors and 
solar cells. The present work describes initially, the application of 
low-frequency electronic noise spectroscopy for  the characterization 
of organic electronic devices as an innovative and non-destructive 
technique. In particular the role of the modification induced by 
thermal stress on the electronic transport parameters under dark 
conditions of a bulk-heterojunction polymer solar cell have been 
investigated in detail. 
The investigated organic solar cell is based on a blend between 
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C6l-butyric acid 
methyl ester (PCBM), representing the classical reference structure 
regarding the polymer:fullerene type devices. Before the irreversible 
modification of the active layer, the solar cell has been modeled at low 
frequencies as a parallel connection between a fluctuating resistance 
RX(t) and a capacitance CX. Under dc biasing, the carriers injected into 
the active layer modify the equivalent electrical impedance thus 
changing the noise spectra. The experimental spectral trace can be 
interpreted by means of a theoretical model based on the capacitance 
Cμ, which takes into account the excess of minority carriers in the 
blend, and the device resistance Rrec. The measured electric noise is of 
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1/f-type up to a cut-off frequency fX, after which a 1/f
3
 dependence 
has been observed. The analysis of fX gives information regarding the 
recombination lifetime of the electrons in the active layer, while the 
voltage dependence of the Cμ provides information about the density 
of states for the lowest unoccupied molecular orbital (LUMO) level in 
the PCBM material. Furthermore, the voltage fluctuations 
spectroscopy has been used to detect modifications of the active layer 
due to thermal stress. The temperature has been identified as one of 
the external parameters that can accelerate the parameter degradation. 
The analysis of the flicker and the thermal noise at low frequency 
reveals a decrease of the charge carrier zero-field mobility after a 
thermal cycle. This effect has been related to morphological changes 
of the solar cell active layer and the interface between the metal 
contact and the blend.  Moreover, the influence of the solvent 
additives during the film preparation stage on the electronic transport 
in the solar cells has been studied by means of noise spectroscopy, and 
a detailed comparison of the optoelectronic properties of solar cells 
prepared with different blends has been made. 
On one side, a P3HT/PCBM based bulk heterojunction solar cell is 
one of the most prominent candidates for a polymer solar cell, but on 
the other side, its conversion efficiency is limited by poor long-
wavelength absorption. One way to increase the conversion efficiency 
is to modify the active layer absorption by the addition of materials, 
that increase the absorption of light in the red and infrared spectral 
region. One of the most promising materials for this task are inorganic 
quantum dots (QDs). In the present study we choose InP/ZnS quantum 
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dots with an emission peak wavelength of about 660 nm. Additionally 
we added multi-walled carbon nanotubes in order to favor charge 
carrier separation and enhance the lateral conduction of the films. The 
films have been deposited by spin-coating in a non-conducting 
polymer matrix (PMMA) in order to investigate the interplay between 
the quantum dots and the carbon nanotubes and their electrical 
conductivity independently of the future host material in the polymer 
solar cell. We kept the QD concentration constant and varied the 
concentration of the CNTs in the deposited films. The characterization 
of the film morphology by scanning electron microscopy imaging and 
of the optical properties by photoluminescence and transmittance 
measurements revealed a rather complex interplay between nanotubes 
and quantum dots. In particular we found a strong tendency of the 
nanotubes with high concentration of CNTs to agglomerate in 
spherical configuration. Electrical conductivity measurements in  
sandwich configuration enabled to verify the degree of increase of the 
sample conductivity by the nanotube addition. In particular the 
measurements in sandwich configuration, where the PMMA/CNT 
films have been deposited directly on top of a crystalline silicon 
substrate, revealed the formation of a Schottky-type diode and a 
monotonic decrease of the conduction inset voltage with increasing 
CNT content. In addition, the decrease in optical transmittance of the 
films with increasing CNT concentration is less pronounced, when 
QDs are added. The optical transmittance in a wavelength range 
between 380 nm and 800 nm of the composites could be expressed 
empirically as a simple second order polynomial function.  
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The penultimate part of the work contains the synthesis and the 
characterization by means of elemental and thermal analyses and 
infrared spectroscopy of a new type of small molecule, Zn(OC)2, that 
has been synthesized by colleagues at Salerno University. Current–
voltage measurements of Ag/Zn(OC)2/p-Si and Ag/Zn(OC)2/n-Si 
heterostructures, have been performed and compared to that of 
reference structures with the same metal contacts but without the 
insertion of the Zn(OC)2 layer. Good rectification behavior has been 
observed for both hetero-diodes, independent of the silicon substrate 
doping type, confirming that the metal–organic layer can act both as 
electron or hole-conductor. Zn(OC)2 complex displayed blue photo-
luminescence in solution and in film. Current-voltage characteristics 
and capacitance voltage measurements have been used for the 
determination of the organic layer dielectric and hole conduction 
parameters.  
In addition, the small molecules is used as active layer in an organic 
diode and in an organic field effect transistor (OFET) in order to 








1.1. Organic photovoltaics: state-of-the-art, 
future prospective and limits 
 
In the last few decades, conjugated polymers have emerged as a new 
class of semiconductors which combine unique optoelectronic 
properties and the key technological advantages of plastics [1], like 
for example solution processing at low temperature. They represent a 
promising alternative to the existing photovoltaic technology due to 
the low manufacturing cost, low material consumption, and thin film 
architecture [2–4].  
 
 
Fig.1. Illustration of the best research cell efficiencies as a function of 
time. (source: NREL). 
 
Solar cells based on organic materials have already been reported in 
the late 70’s, although with very poor conversion efficiencies. These 
early organic photovoltaic (OPV) devices were based on a single 
organic layer sandwiched between two electrodes, thus forming a 
Schottky diode. For a review of such devices, the reader is for 
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example referred to the work of G.A. Chamberlain in 1983 [5]. In 
1986 Tang reported the first organic solar cell based on the donor-
acceptor concept in a bilayer structure [6].  In the 90’s, the 
introduction of the bulk heterojunction (BHJ) concept allowed 
enhancing the device efficiency to about 3% [7], marking a 
breakthrough in the field of OPV. 
 
 
Fig. 2. Zoom into the emerging photovoltaics. (source: NREL). 
 
In the BHJ, the active layer consists of an intermixing of the donor 
and acceptor materials so that a fine interpenetrating network builds 
up with extended donor-acceptor interfaces distributed in the bulk. 
The reference system in BHJ cells is represented by a composite 
between the conjugated polymer poly(3-hexylthio-phene) (P3HT) and 
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), a soluble 
derivative of the fullerene C60. Solar cells based on P3HT:PCBM have 
demonstrated efficiencies of about 5% [8]. Recently, the highest 
efficiencies of organic solar cells has been recently reported with a 
value of 10.6% for small molecule based tandem cells [9], but 
polymer based solar cells with only slightly lower efficiencies of 9.1% 
have been reported as well [10], thanks to the development of new 
low-bandgap polymers that allow for better light harvesting [11] (as 
shown in Fig. 2).  
 
1.2. Characterization of a new combination of 
quantum dots and carbon nanotubes as additive 
to polymer:fullerene solar cells 
 
The maximum efficiency of this type of solar cell is limited by poor 
long wavelength absorption. One way to increase the conversion 
 Chapter1                                     __________                            ______3 
efficiency of polymer solar cells is to modify the active layer 
absorption by the addition of materials that increase the light 
absorption in the red and infrared spectral region. One of the 
possibilities to achieve this goal is the addition of inorganic quantum 
dots (QDs) to the polymer active layer. The use of quantum dots gives 
the possibility to tune the absorption spectra by simply changing the 
quantum dot diameter [12-13]. Another advantage is their large 
surface-to-volume ratio, which leads to enhanced charge carrier 
transfer rates [14-15]. A possible measure to improve the efficiency 
regarding the charge carrier transport is the introduction of carbon 
nanotubes (CNTs) into the active layer. Solar cells, based on the 
combination of CdSe quantum dots (QDs) and P3HT have been 
reported with an efficiency of 2.1% and it has been shown that for the 
combination of the same type of QDs with  a low-bandgap polymer, 
such as Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b′]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT), a still 
higher efficiency of  2.7% can be obtained [16]. A combination of 
CdSe QDs and CNTs has been shown to facilitate exciton 
dissociation, however the reported device efficiencies, when 
combined in a poly(3-octylthiophene)  (P3OT) based solar cell, were 
rather low [17]. Interesting results have been reported, when using 
PbS QDs combined with multi-walled carbon nanotubes in P3HT 
based solar cells [18]. In this latter case, due to the QD related 
enhanced absorption in the IR-region of the solar spectrum and the 
CNT enhanced efficient charge carrier transport to the contacts, a 
higher energy conversion efficiency as compared to the classical 
P3HT/PCBM reference cell has been measured.  
 
1.3. Recombination kinetics in the 
polymer:fullerene solar cells 
 
Polymer–fullerene solar cells use a donor–acceptor mechanism to split 
excitons into free carriers [19]. In such devices, the most challenging 
aspect is to minimize the recombination between the electrons in the 
acceptor’s lowest unoccupied molecular orbital (LUMO) and holes in 
the donor’s highest occupied molecular orbital (HOMO). The 
principal loss mechanisms involve the breaking up of the exciton at 
the donor–acceptor interface, and the subsequent processes of 
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recombination and charge collection [20]. As recombination and 
transport in the active layer are influenced by the film ordering [21], 
one possible way to improve the efficiency of the bulk heterojunction 
solar cell is to control the nanoscale morphology of the blend. An 
optimization of the blend structure is also necessary to improve the 
charge carrier separation [22]. It is well known that the morphology of 
the active layer is very sensitive to the processing conditions, and 
strongly depends on the choice of solvent [23, 24] and possible 
additives [25]. 
 
1.4. Low frequency noise spectroscopy 
 
For the development of advanced devices based on these complex 
materials, the multi-parameter  process optimization, at present rather 
poor, is a fundamental requirement. In this respect, low-frequency 
electric noise analysis can be used to reveal possible strategies to 
lower the intrinsic noise generation. It has been used as a tool for non-
destructive analysis of the transport processes in several systems, such 
as polymer/carbon nanotubes composites, [26] crystalline silicon solar 
cells, [27] and polymer-based light-emitting diodes (LED).[28] 
Conversely, there are few reports on noise measurements of polymer 
solar cells. Bag et al. [29] performed a noise analysis under 
illumination to evaluate light-induced degradation processes. 
However, fluctuation spectroscopy has never been used under dark 
conditions, where important information  about defect states and their 
role as trapping or recombination centers can be obtained, without 
further degrading the material. Charged defects within the gap modify 
the electrical field profile in the active layer and might reduce the 
electrical field as driving force for the carrier transport. Consequently, 
an inefficient charge carrier collection at the contacts reduces 
drastically the solar cell performances.  
The present work aims to study the noise properties of organic solar 
cells, not only providing a contribution to understand the electronic 
transport phenomena, but also being used as a powerful tool to 
optimize the processing conditions and to design novel photovoltaic 
devices. 
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1.5. Investigation of a new type of blue emitting 
organic material with ambipolar conduction 
 
While conventional semiconductor based photodiodes use the junction 
of differently doped semiconducting layers, in organic semiconducting 
devices, the electron and hole conducting species often coexist in a 
single active layer and the rectifying characteristics is mainly due to 
the different work functions of the injecting or collecting contact 
layers. The active layer is often fabricated by simply mixing the 
electron and hole conducting materials. This is for example the case in 
the BHJ organic solar cell concept, explained before. In this case, 
however, the final device characteristic is strongly dependent on the 
morphology of the active layer, that depends on a large variety of 
deposition parameters such as temperature, solvent type and 
concentration and donor/acceptor ratio. Often, further annealing steps 
after deposition are required and the annealing conditions strongly 
influence the device performance [30–32] and the active layer 
morphology [33]. Another approach, that results in a more 
reproducible active layer morphology, is the synthesis of small 
molecules containing electron as well as hole conducting groups 
chemically bound together [34]. Small molecule based thin films have 
a variety of applications in optoelectronics. Regarding electro-optic 
light emitting devices, for example, efficient blue emitting organic 
light emitting devices have been reported [34–36]. Up to few years 
ago, record efficiencies for organic photovoltaic devices were 
obtained by polymer based devices [37–42]. Today, however, high 
conversion efficiencies of organic solar cells are obtained using small 
molecule based devices [43–45]. Recently we showed the realization 
of UV sensitive photodiodes using carbazole and oxadiazole units in 
the same molecule [34,46–50], where the carbazole molecule is the 
hole-conducting and the oxadiazole the electron-conducting moiety. 
Heterodiodes are usually prepared by deposition of thin film organic 
semiconductors on top of classical inorganic semiconductors. This 
type of heterostructure  - in particular when an inorganic 
semiconductor like crystalline silicon (c-Si) is used as inorganic 
substrate material - is a typical test structure for the determination of 
the electronic properties of the organic material [47]. Nevertheless, 
this kind of heterodiodes may also have practical applications such as 
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the preparation of polyaniline/c-Si heterodiode solar cells with high 
conversion efficiency [51], and also the fabrication of bistable 
memory devices operating at very low voltages has been reported 
[39]. Recently some complexes have been reported in which the Zn 





Impedance spectroscopy characterization 
of polymer:fullerene solar cells 
 
In this chapter, a brief description of the charge carrier recombination 
and diffusion processes in the frequency domain will be given. 
 
In Fig. 1 the band diagram structure of the polymer:fullerene solar cell 
at different bias conditions is schematically shown. The band bending 
in Fig. 1a at the aluminum-blend interface is due to the p-doping of 
the P3HT, when exposed to air and/or moisture [54,55]. Under 
forward bias, the band bending at the cathode contact decreases, and 
at V = Vbi (built-in voltage) the depletion capacitance disappears. As a 
consequence, the electrons are injected into the LUMO level and 
recombine with the holes in the HOMO level. The diffusion and the 
recombination processes can be described by the distributed 
equivalent circuit, reported in Fig. 1c. The recombination kinetics can 
be described by the resistive element rrec, the modulation of the stored 
excess of minority carriers gives origin to the distributed chemical 
capacitance, cn, and the electron transport can be modelled by the rt. 
RS and Cg are the series resistance and the geometrical capacitance, 






 and a 
depletion layer is formed at the contact. As mentioned before, the 
P3HT-aluminum contact shows a Schottky diode like behavior and the 
related Mott-Schottky curve, reported in Fig. 2a, exhibits a straight 
line which enables to determine the built-in-potential, Vbi, and the 
doping concentration, NA. The corresponding values, extrapolated 




. In Fig. 2b the measured capacitance at low frequency as a 
function of the bias voltage is shown. The injection of the charge 
carriers results in an increase of the device capacitance. Here, the 
contribution of the depletion capacitance disappears at V>Vbi. Fig. 3 
shows the ac electrical impedance at different bias voltages. The 
experimental data are fitted, using the equivalent circuit model, 
reported in Fig. 1c. The typical semi-circles at low frequency are due 
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Fig. 1. (a) Band structure of the P3HT:PCBM heterojunction in equilibrium (V=0). 
(b) Injection of the electrons (minority carriers) from the cathode into the LUMO 
level. The holes (majority carriers) populate the active layer. (c) Distributed 
equivalent circuit of the polymer:fullerene solar cell. Cg has to be assumed 
negligible. [56] 
 
The corresponding time constant can be simplified as the product of 
the recombination resistance rrec and the capacitance cn, which gives 
the effective lifetime tn = rrec × cn. The values range between 0.8 and 
0.2 ms for the polymer:fullerene solar cells.  
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Fig. 2. (a) Mott-Schottky plot, measured at 100 Hz for a P3HT:PCBM solar cell. In 
inset the current density-voltage characteristics under dark conditions is given. (b) 
Capacitance as a function of the bias voltage, measured at 100 Hz. [56] 
 
At high voltages, the dominant process is the diffusion of the electrons 
within the blend.  
In conclusion, the equivalent circuit of the organic solar cell, as shown 
in Fig. 1c, cannot be directly used in the low-frequency noise analysis. 
Nevertheless, since the recombination processes occur at low 
frequencies, from the point of view of the generated noise, they can be 
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modelled as a simple parallel branch of the distributed capacitance and 
the recombination resistance. Furthermore, in order to extract the 
diffusion component of the charge carriers in the blend, a numerical 
integration procedure has to be performed on the voltage-spectral 
traces, as will be discussed later in Chapter 3. 
 
 
Fig. 3. (a) Impedance spectra, measured under dark conditions for different bias 
voltage values. Experimental points are fitted  (full lines), using the equivalent 




Noise spectroscopy: a non-destructive 
technique for the characterization of 
transport properties and the thermal 
aging of polymer:fullerene solar cells 
 
In this chapter, the first part contains the details of the sample 
preparation, a brief description of the setup used for characterization 
and the modelling aspects of the organic solar cell through the low 
frequency noise analysis are given. The second part contains a 
detailed electric noise investigation of polymer:fullerene solar cells, at 
300 K and under dark conditions. The experimental noise results are 
interpreted in terms of a model taking into account the device 
capacitance and recombination resistance. Relevant parameters of the 
solar cells can be computed through fluctuation spectroscopy, and the 
results have been compared with those obtained by alternative 
techniques. In addition, the dynamic behavior of the charge carriers 
has been successfully monitored by studying the fluctuation 
mechanisms. The influence of the solvent additives addition during 
the film preparation stage has also been studied by means of noise 
spectroscopy, and a comparison between blends prepared with the 
reference solvent has been made. 
 
3.1. Materials and methods 
 
3.1.1 Solar cell preparation 
 
The reference blend was a mixture of poly(3-hexylthiophene) (P3HT) 
and [6,6]- phenyl-C61-butyric acid methyl ester (PCBM) dissolved in 
1,2-dichlorobenzene (oDCB), a solvent in which P3HT and PCBM are 
both readily soluble. We used 1,2,3,4-tetrahydronaphthalene (THN), 
which has a higher boiling point (207 °C) than oDCB (180 °C) as 
solvent additive. PCBM is more soluble in THN than P3HT [58], and 
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the preparation of the solar cells with the solvent additive is therefore 
expected to allow for a better ordering of the polymer domains. P3HT 
and PCBM were dissolved in oDCB or in oDCB+THN in a 1:1 ratio 
in weight and stirred at 70°C overnight before use [59].  To fabricate 
the photovoltaic cells, indium tin oxide (ITO) coated glass slabs were 
patterned, etched in an HCl bath in order to define the anode area, and 
ultrasonicated several times in isopropyl alcohol. An oxygen plasma 
treatment was also performed in order to remove organic residues 
from the surface. Poly(3,4-ethylenedioxythiopene) (PEDOT) 
:poly(styrenesulfonate) (PSS) was then spun on top of the ITO and 
dried at 180 °C for 10 min in air. To complete the devices, the samples 
were transferred to a nitrogen filled glovebox where spin coating and 
thermal annealing (150 °C for 10 min) of the active layer 
(P3HT:PCBM), as well as cathode evaporation (Ca/Al) took place. 
The resulting device area is about 0.5 cm
2
, with four contact strips of 
length d = 12 mm and width w = 4 mm each. The top view of the 
sample and the cross section of a single strip are shown in Fig. 1a and 
Fig. 1b respectively. 
 
 
a)                   b) 
Fig. 1. Top view of the sample (a) and cross section of a single strip (b). 
 
3.1.2 Characterization techniques 
 
All the experimental investigations were carried out by using a 
thermoelectric cooler (i.e., Peltier device), with a temperature range of 
operation between 270 and 360 K. The temperature was stabilized 
with a computer-controlled PID loop to better than 0.1 K. The current-
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voltage measurements were made in current-pulsed mode by using an 
active dc current source (model Keithley 220), and by recording the 
voltage response with a digital nanovoltmeter. The noise 
measurements have been made using a digital dc current source for 
the biasing of the samples, while the output voltage signal has been 
amplified by a low-noise preamplifier and subsequently analyzed 
using a HP35670A spectrum analyser, as shown in Fig. 2. The spectral 




Fig. 2. Sketch of the noise measurement setup. 
 




/Hz. All the 
measurements have been made in dark conditions at 300 K, by using a 
four-point probing bridge. The spectral density of the voltage 
fluctuations was calculated by averaging a large number (≥100) of 
measured traces. The used standard four-probe technique, alone, does 
not eliminate completely the external noise contributions due to 
contact resistance fluctuations. In order to avoid the presence of 
spurious noise components in the real spectral trace of the samples, a 
specific experimental technique, based on a sequence of four-probe 
and two-probe noise measurements, was used to determine the contact 
noise contributions. The details of the experimental setup are reported 
in [60]. The photovoltaic performance under illumination was 
calculated from the current-voltage curves measured with a Keithley 
4200 semiconductor characterization system. The standard reference 
spectrum AM 1.5G was provided by a class A solar simulator from 
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P.E.T. Inc. calibrated with a reference silicon solar cell from 
Fraunhofer ISE (Freiburg, Germany). The data were recorded on twin 
samples of the ones used for the degradation studies, in order to avoid 
the undesirable effect of the light exposure that is necessary for the 
current-voltage measurements. 
 
3.1.3 AC modelling of polymer:fullerene solar cells for 
noise analysis 
 
Several studies of the polymer solar cell admittance have shown that 
the ac electrical impedance can be modelled as an RC sub-circuit at 
low frequencies [61-63]. From the noise point of view, this circuit can 
be regarded as a parallel connection between a fluctuating resistance 
Rx(t) and the equivalent capacitance Cx, which is the sum of the 
geometrical capacitance Cg and the chemical capacitance Cµ. Cg 
represents the dielectric contribution of the active layer and the hole 
transport layer (HTL) and consists in the series of two capacitances 
CBlend and CPedot:PSS. The value computed from the device size is 9.2 
nF cm
-2
, in agreement with the value of 10 nF cm
-2
 reported in 
literature for a similar P3HT:PCBM solar cell [66]. In Fig. 3 the 
equivalent circuit of the noise measurement setup and of the device 
under test are shown. To enhance the current coupling with the solar 
cell, an input low pass filter formed by the resistance R1 and the 
capacitor C1 was inserted after the input bias current source, with a 
cut-off frequency of  (2R1C1) = 1.5Hz to reduce externally generated 
noise. The effect of the Rt induces an increase of the time constant due 
to the recombination processes into the solar cell τn' = Cg(Rt + Rrec) + 
CμRrec. Given that, the dielectric contribution of the organic layers is 
negligible, the resulting effective lifetime becomes τn = CμRrec. As a 
consequence, Cg and Rt can be excluded from the impedance 
calculation. The ac equivalent noise impedance , in the Laplace 
domain , is the parallel connection between the equivalent 
impedance of the solar cell and the 
equivalent impedance of the input filter  
The resulting  can be expressed as:  
 
      (1) 




Fig. 3. The noise measurement setup with the sample equivalent circuit in a dashed 
box. 
 
Given , in this case more than two orders of magnitude, 
from the point of view of the generated voltage noise  the whole 
circuit reduces to a parallel RxCμ connection. The Zn can be reduced 
to: 
 
                   (2) 
 
The resistance Rx can be expressed as a constant average value plus a 
small fluctuating random function:   
 
             (3) 
 
The mean value corresponds to the recombination resistance Rrec of 
electrons and holes [64], defined as Rrec = (dVF/dIDC), where IDC is the 
dc bias current and VF =VDC - IDCRS is the forward voltage without the 
contribution of the device series resistance RS [65]. 
 
                             (4) 
 
Under dc current biasing, the fluctuations of Rx are the source of the 
voltage noise of the device. The spectral density results in: 
                           (5) 
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In the frequency domain this contribution is of 1/f-type, given by 
. Here, K is the noise amplitude and γ is an exponent 
close to unity [67]. Being , it is then straightforward to 
compute the expected voltage-spectral density, obtaining: 
 
            (6) 
 
In which the cut-off frequency is 
 
                 (7) 
 





equation (6) reveals a general trend of the voltage noise, that is, a 1/f 
dependence for frequencies below fX and a 1/f
3
 dependence at higher 
frequencies [68]. Cµ takes into account the excess minority carriers 
and increases as a function of VF [56]. By forward biasing the devices, 
the injection of charge carriers produces a modification of Rrec and Cµ, 
which influences the low-frequency electric noise spectrum. 
 
3.1.4 Electronic parameters extraction by noise 
spectroscopy 
 
One important point for the analysis of electronic properties of the 
active layer in polymer:fullerene solar cells is the relationship between 
the average electron density and the electrochemical potential.  
The latter describes the population of electrons (holes) separately in 
the LUMO (HOMO) level, when their population is displaced from 
equilibrium, and therefore can be defined as a Fermi energy (EF). One 
of the methods for determination of density of states (DOS) is based 
on the measurement of the variation of the density of electrons (holes) 
caused by a variation of EFn (EFp) [69]. We consider the simple system 
in which the energy of a state does not depend on Fermi potential, i.e. 
we neglect interactions between the electrons (holes) and with 
surrounding media [69]. At a given electronic state with energy E in 
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the LUMO level, the average occupancy is described by the Fermi–
Dirac distribution function [69] 
 
      (8) 
 
where kB is the Boltzmann’s constant and T is the temperature. In 
disordered organic semiconductors, the DOS is usually modelled with 
a Gaussian distribution [70] 
 
        (9) 
 
where N is the total electron density per unit volume, E0 is the center 
of DOS, and n is the disorder parameter. 
 
 
Fig. 4. Scheme of the electron density in the blend of the polymer:fullerene solar 
cell. 
 
In Fig. 4 the energy scheme of the polymer:fullerene solar cell is 
shown. EFn is the Fermi level for the electrons in the fullerene material 
and EFp is the Fermi level for the holes in the polymer material. The 
splitting of the Fermi level is due to the external forward bias voltage 
, [64] where q is the elementary charge. The arrow 
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corresponds to the recombination event occurs between two localized 
states in the LUMO and HOMO levels, respectively. 
When we consider the distribution of states g(E), the chemical 
capacitance is obtained integrating all the contributions through the 
bandgap [69]. 
 
                (10) 
 
Using  and integrating by 
parts, we arrive at 
 
               (11) 
 
Taking into account only the contribution of the occupied states, 
, (i.e. by using the zero-temperature approximation of the 
Fermi function at occupancy >1%), the chemical capacitance follows 
the shape of the electron DOS and we obtain [69] 
 
               (12) 
 
As shown in Fig. 4, a displacement of the EFn causes a variation of the 
states occupancy, as the Fermi level approaches the LUMO level, due 
to the bias voltage VF, the electron density (n) increases in the active 
layer. As a consequence, an enhancement of the related chemical 
capacitance Cµ is induced. The electron density of the LUMO level 
can be described by ,[64] hence, Cµ takes an 
exponential growth behavior [71]: 
 
          (13) 
 
On the other hand, also the current density (J) of the solar cell 
measured in dark condition follow an exponential behavior 
                 (14) 
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It is defined as recombination current in the β-recombination model 
[64]. Here β takes into account the deviation from the diode ideal 
equation (inverse of diode ideality factor). From the point of view of 
noise analysis, under bias current, the random fluctuation of the 
differential resistance RX(t) generates the 1/f type noise [66]. 
Therefore, the recombination resistance is defined from the 
recombination current derivative: 
 
                (15) 
 
Since the Rrec depends by the inverse of the current density, it can be 
written as:  
                 (16) 
 
From equation (7), the recombination lifetime for the electrons in the 
PCBM material shows an exponential decay, being  [71] 
 
                (17) 
 
3.1.5 Charge carrier mobility measurements 
 
SV is characterized by the presence of two distinct noise components. 
The first, in the low-frequency region, is the ”flicker noise” , 
which is associated with the fluctuation of the electrical conductivity. 
It has an amplitude proportional to the energy gained by charge 
carriers from the electric field [66], when hopping transport is 
assumed as the conduction mechanism for OPV device. The second 
component, at high frequencies, is the ”thermal noise” , 
which is associated with the carrier interactions with the polymeric 
chains, taking into account the charge carrier energy loss due to the 
scattering processes [66]. The flicker noise has a frequency 
dependence, reproduced by modeling the photovoltaic device with a 
simple RC circuit as proposed in Eq. (6). The thermal noise, instead, is 
frequency independent and has the following expression [66]: 
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                (18) 
For this purpose, voltage-noise allows to make a direct evaluation of 
the electron mobility  as [66,72–73] 
 
                   (19) 
 
where  is the electron lifetime for the lowest 
unoccupied molecular orbital (LUMO) level in the PCBM material, 
and  is the applied electric field (being t = 255 nm the active 
layer thickness). Therefore, the mobility values can be computed in 
Eq. (19) from the amplitude of flicker noise. The latter is obtained by 
integrating the spectral density curves over the whole frequency range 
where flicker noise appears, i.e., from 1 Hz to the intersection 
frequency with thermal noise. 
 
3.1.6 Degradation experiments 
 
One major weak point of OPV devices is the poor stability of the 
organic photoactive materials under operating conditions [74]. Most 
of the conjugated polymers rapidly degrade when exposed to ambient 
air and light, thus limiting the lifetime of the whole device. Indeed, it 
has been widely reported that degradation pathways, due to unstable 
morphologies, photo-oxidation, indium diffusion, and thermal stress 
occur at every layer and interface of OPV devices [75, 76]. In 
particular, temperature has been identified as one of the most 
important external parameters that can accelerate the degradation rate 
[74, 77]. Regarding P3HT, it is well-known that thermal annealing 
after active layer deposition can favour the formation of an ordered 
polymer phase [78, 79]. This ordering of the polymeric chains due to 
thermal treatment, however, makes P3HT more prone to oxidation. 
The temperature increase may induce phase separation between P3HT 
and PCBM, leading to an undesirable vertical structure which can 
drastically influence the solar cell performance [78, 79]. Degradation 
studies performed using Fourier transform infrared spectroscopy 
(FTIR), ultraviolet photo-electron spectroscopy (UPS), angle-resolved 
X-ray photoelectron spectroscopy (AR-XPS) have been reported in 
literature [80, 81]. However, these techniques, specific for the 
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structural characterization of the organic films and interfaces, need to 
be accompanied by complementary measurements that can provide 
additional information regarding the electronic transport in the 
material. In this respect, the study of the low-frequency electric noise 
spectrum has already proven to be a powerful and non-destructive 
spectroscopic analysis useful to investigate electric transport processes 
in several systems, such as manganites [82], novel superconductors 
[83], and graphene devices [84].  
 
3.2. Results and discussion 
 
3.2.1. Characterization of polymer:fullerene solar cells 
by noise spectroscopy 
 
As reported in previous paragraph, the ac electrical impedance at low 
frequency of the polymer:fullerene solar cell can be modelled as a 
parallel connection between a dynamic resistance RX(t) and an 
equivalent capacitance CX [67]. The voltage-spectral noise generated 
by the device is related to the mean value of RX(t): Rrec=(dVF/dIDC), in 
which IDC is the dc bias current and VF=V-(RS
 .
 IDC) is the forward bias 
voltage without the effect of the device series resistance [65]. VF 
appears, under bias current, as a consequence of the splitting of the 
separate Fermi levels in the active layer. The 1/f-type noise generated 
by RX(t) is modified by the effect of the parallel device capacitance CX 
and the resulting noise spectra SV can be modeled using the equation 
(6), where fX = (2RrecCμ)
-1
 is a cut-off frequency, assuming negligible 
the dielectric contribution to the overall capacitance of the organic 
layers. The experimentally measured noise-spectral traces are shown 
in Fig. 5 for two different dc bias current values (0.01 mA and 0.05 
mA, respectively) at a temperature of 300 K. The theoretical model of 
Eq. (6) (green dashed curves in Fig. 5) well describes the experimental 
data, once the instrumental background noise  (curve (1) in Fig. 5) is 
taken into account. The small uncertainty associated, by the best 
fitting procedure, to the values of the parameters K=(1.40.1)10
-9
 
and =(1.000.02) confirms the original hypothesis, assuming a  1/f-
type of noise spectral density. A similar noise spectrum has been 
reported for aluminium-polymer diodes, although characterized by 
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higher noise levels. Curve (2) in Fig. 5 has been recorded without 
biasing the device and represents the contribution due to resistance 
temperature fluctuations (Johnson noise). 
 
 
Fig. 5. Voltage-spectral traces measured at 300 K and at different forward bias 
current values. Curve (1) (magenta) is the system background noise, curve (2) 
(black) is for IDC=0 mA, curve (3) (blue) is for IDC =0.01 mA, and curve (4) (red) is 
for IDC= 0.05 mA. Dashed green curves are the best fits of spectra (3) and (4) with 
Eq. (6). In the inset the solar cell equivalent circuit is shown. 
 
For a standard resistance the Johnson noise should be frequency-





/Hz, being R = 250 K the zero bias device 
resistance. At zero bias, P3HT:PCBM devices have an interface 
capacitance, whose value in this case is  = 40 nF, that is related to the 
intrinsic Schottky barrier at the cathode generated by the hole 
depletion [85]. The effect of such a capacitance is to introduce a cut-
off frequency of ≌10 Hz above which the noise amplitude is strongly 
reduced. It is worth noting that a similar noise behavior has also been 
proposed in the case of tunnel junctions characterized by a frequency-
independent loss tangent [86].
 
An additional feature of noise 
spectroscopy is the ability to determine physical parameters of the 
solar cells. Indeed, it allows to compute the values of fX from which it 
is possible to derive CX, once Rrec is known from the current-voltage 
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characteristics.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
The chemical capacitance C can be extracted from CX, being known 
the value of Cg [56]. The dependence of C on VF is shown in Fig. 6. 
A monotonic increase is found, in agreement with results from 
literature [87]. The experimental dependence of Rrec on the forward 
voltage VF is also shown in Fig. 6. A monotonic decrease is observed 
and compatible with that already reported in literature for similar solar 
cells but under illumination [87].  
 
 
Fig. 6. Forward bias voltage dependence of Rrec (black full squares) and C (red open 
circles). 
 
The change of Rrec and C is essentially due to the change of the 
storage of minority carriers in the active layer of the solar cell when 
increasing the forward voltage. This results in an enhancement of the 
cut-off frequency fX with increasing bias current, visible in Fig. 5 in 
curves (3) and (4). The analysis of Rrec and C gives the possibility to 
evaluate the electronic density of states (DOS) at a given position of 




(being t the active layer 
thickness and e the electron charge) and the electron lifetime n = Rrec 
× C  for the LUMO level in the PCBM material [61,87]. The 
experimental values of the DOS as a function of the applied bias 
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voltages are shown in Fig. 7. 
In disordered organic semiconductors, the DOS is usually modelled 
with a Gaussian distribution [70] 
 
,
         
(20) 
 
Here g0 represents the DOS background level. Its value has been 






 from the corresponding interface 
capacitance. The best fit to the experimental data using Eq. (20) is 
shown in Fig. 7 as solid curve. Although the higher energy states have 
not been experimentally investigated, a good agreement between 
experiment data and fit has been obtained. The fitting procedure with 




, E0 = 
(0.920.04) eV and   n = (12212) meV. The value of n is in good 
agreement with the one found for most semiconducting polymers (100 
meV) [88].  
 
Fig. 7. Experimental DOS computed from noise measurements, shown as black full 
squares. The red solid curve is the best fit from Eq. (20). In the inset the 
experimental electron lifetime dependence on the forward voltage VF is reported. 
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Fig. 8. Voltage-spectral traces measured from 300 K to 330 K with 10 K intervals 
and bias currents as in Fig. 5. Dashed green curves are the best fit with Eq. (6). 
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The total electron density is much lower than the expected value in the 






; however, it is similar to that 
found in P3HT:PCBM solar cells [89]. The Gaussian DOS center 
corresponds to half occupation of the electron DOS and is 
theoretically defined as Eg = ELUMO - EHOMO, whose value is usually 
reported to be 1.1eV [19]. HOMO means the highest occupied 
molecular orbital. The observed difference between the expected 
theoretical value Eg and the experimental value E0 is due to the 
splitting of the Fermi levels in the blend for the DOS of PCBM (the 
LUMO level) and of P3HT (the HOMO level) and gives an estimate 
of the energetic level uncertainties. 
In this case the difference is 0.18 eV, very close to the value of 0.2 
eV, reported in literature for P3HT:PCBM blends [89-91]. Beside the 
DOS, also the electron lifetime dependence on VF can be extracted 
from noise spectroscopy and is shown in the inset of Fig. 7.  Its value 
ranges between 0.8 and 0.4 ms, decreasing as the bias increases [56]. 
Alternative methods to investigate charge carriers lifetime, such as 
impedance spectroscopy and photoinduced absorption, give similar 
values [92]. In Fig. 8 the voltage spectral traces measured at different 
current levels and in the temperature range of 300-330 K are reported. 
The model in Eq. (1) describes well also the temperature dependence 
of the spectral traces of the solar cell. 
 
3.2.2  Thermal aging of polymer:fullerene solar cells 
investigated by electric noise analysis 
 
Electric noise measurements are sensitive to structural changes of the 
materials. Therefore, voltage-noise analysis has been performed 
before and after a thermal stress has been induced in the cell by 
increasing its temperature up to 340 K. It is well known that thermal 
treatments may produce a non-reversible modification of the blend 
morphology, with a consequent increase of the roughness at the 
interface between the cathode and the organic blend [93]. 
 
3.2.2.1   Electronic transport properties 
 
Several studies of P3HT:PCBM photovoltaic devices have shown that 
these cells can be seen as Schottky diodes from the point of view of 
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the current transport [93–95]. Therefore, I-V curves can be modelled 
using the classical Schottky-Richardson emission law [96]: 
 
             (21) 
 
where A is the area of the cell active layer (0.5 cm
2
 for the case here 
reported), AR the effective Richardson constant, T the absolute 
temperature, Δ the barrier energy at the metal-blend interface, n the 
ideality factor, e the electron charge and kB the Boltzmann constant. 
The I-V characteristics of a typical P3HT:PCBM solar cell, 
investigated in this work, under dark conditions and at temperatures 
between 300 and 340 K, are shown in Fig. 9. A monotonic decrease of 
Rrec is found with increasing temperature (full symbols), whereas a 
modification occurring in the device active layer is clearly evident at 
337 K. Indeed, the measurements performed after this 1st thermal 
cycle, and at the same temperatures (open symbols) as before, show a 
strong reduction of Rrec. Whether the event seen at 337 K represents 
an effective ”breakdown” of the photovoltaic device is still an open 
question. The best fitting curves to the I-V experimental data (Fig. 9 
solid lines) are obtained by using Eq. (21). The corresponding fitting 
parameters are reported in Table 1, where the first column refers to the 
time elapsed between subsequent measurements. On this short time 
scale, moisture and thermo-oxidation do not play a decisive role 
without light exposure [97, 98]. A strong reduction of RS and n is 
found when the temperature of 337 K is approached. All these 
experimental evidences may be regarded as an increase of the solar 
cell electrical conduction, as a consequence of the heat treatment and 
the relative ordering of the P3HT polymeric chains [78, 79]. It is 
worth noting here, that before the heat treatment the twin devices, 
prepared within the same batch as the investigated ones, are 
characterized by the following parameters: short circuit current 
density (JSC) = (7.3 ± 0.2) mAcm
−2
, open circuit voltage (VOC) = (589 
± 3) mV, fill factor (FF) = (69 ± 2)%, and power conversion 
efficiency (η) = (3.0 ± 0.2)%.  These parameters have not been 
measured after the thermal cycle, since their temperature dependence 
is largely reported in literature [74, 77], and in this work the interest is 
more focused on the material rather than the final device. However, 
the clear enhancement of the barrier height Δ, shown in Fig. 10, 
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indicates that a degradation occurred at 337 K. This becomes more 
evident after the subsequent cooling of the devices to room 




 for free electrons [96]. An estimation of the Richardson constant 




 has been reported in the case of 
polymer:fullerene solar cells [99], that would result in a change of Δ 
of less than 2%. It has been already observed that thermal stress may 
induce a non-reversible modification of the blend morphology, with a 
consequent increase of the roughness at the interface between the 
cathode and the organic blend [94]. Accordingly, the metal atoms may 
diffuse into the active layer and react with the blend, thus generating 
an interface dipole layer which directly gives origin to the band 
discontinuity Δ.  
 
 
Fig. 9. Current-voltage characteristics of a typical device during the 1st (full 
symbols - yellow region) and the 2nd (open symbols - pink region) thermal cycles, 
respectively. A ”breakdown”, characterized by an active layer modification, occurs 
at 337 K. The best fitting curves with Eq. (21) are also shown as solid lines. 
 
Therefore, the chemical interaction is not anymore negligible and has 
to be modeled by a specific interfacial density of states (IDOS). The 
dipole layer exhibits a negative charge on the organic side, which is  
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Table 1 
Best fitting values of the parameters in Eq. (21), monitored in time and temperature. 






Time (min) T (K) RS (Ω) n Δ (meV) 
0 300 3340 ± 67 7.62 ± 0.04 776 ± 5 
10 310 3027 ± 60 6.74 ± 0.04 807 ± 5 
20 320 3134 ± 63 6.27 ± 0.04 837 ± 5 
30 330 2871 ± 57 6.12 ± 0.03 859 ± 5 
40 337 2670 ± 53 3.709±0.003 911 ± 8 
50 300 453 ± 9 1.604 ± .001 962 ± 6 
60 310 376 ± 7 1.534 ± .001 987 ± 6 
70 320 308 ± 6 1.482 ± .001 1011 ± 7 





Fig. 10. Temperature dependence of the band discontinuity Δ at the interface 
between the metal contact and the blend. The full and open symbols refer to the 1st 
and the 2nd thermal cycles, respectively. The energy levels of the organic materials 
(P3HT:PCBM) and cathode metals (Ca/Al) are shown in inset (a). Here, ΦS = 4.7 eV 
and Φm = 3.6 eV are the blend- and metal- work functions, respectively, while Vfb is 
the flat-band voltage. 
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compensated by a positive charge at the metal contact [68], see inset 
(a) in Fig. 10. The modifications of the P3HT:PCBM blend, as a 
consequence of a thermal stress, are evidenced by the dc current 
transport analysis. However, more intrinsic properties of the solar cell, 
such as the charge carrier mobility, are difficult to extract with dc 
current transport measurements under dark conditions.  
The noise level change with temperature is an effective probe for the 
monitoring of electronic device degradation phenomena, giving the 
possibility to evaluate specific parameters of the photovoltaic device 
during different thermal cycles [67]. 
 
 
3.2.2.2   Voltage-noise characterization 
 
Fig. 7 shows the typical voltage-spectral density SV of voltage 
fluctuations processes in P3HT:PCBM solar cell as a function of the 
frequency, at fixed temperature (320 K) and bias current (30 μA) 
values. The spectral shape is different when the electric noise is 
measured during the 1st thermal cycle  (trace (1) in Fig. 11) and the 
2nd thermal cycle (trace (2) in Fig. 11).  This is reflected in the noise 
voltage-spectral density as a shift of fX to frequencies higher than 100 
kHz, above the experimental bandwidth. As a consequence, SV has 
only the 1/f component in the whole investigated frequency range and: 
 
         (22) 
 
where K’ and ’ are fitting parameters and R’rec is experimentally 
evaluated from the current-voltage characteristics after the thermal 
treatment. In the same figure, the curves of the best fit with Eqs. 
(6,22) are shown as dashed green lines. In both cases, however, SV is 
characterized by the presence of two distinct noise components. The 
first, in the low-frequency region, is the ”flicker noise” . The 
second component, at high frequencies, is the ”thermal noise” 
 which is frequency independent and has the following 
expression [66]: 
 
.                (23) 
 Chapter 3                                  __________                            ______31 
 
Fig. 11. Frequency dependence of the voltage-spectral density, at a fixed 
temperature (320 K) and bias current (30 μA), during the 1st thermal cycle, trace (1), 
and the 2nd thermal cycle, trace (2). The best fitting curves, obtained by using Eqs. 
(6) and (22) and by taking into account the instrumental background noise, are 
shown as dashed green lines. 
 
By combining Eqs. (6,22) and (23), once the instrumental background 
noise C is taken into account, the best fitting curves to the 
experimental noise-spectral traces are obtained and shown in Fig. 11 
as green dashed lines. Only a 1/f component is visible in the spectra of 
the 2nd thermal cycle, due to the shift of fX to frequencies higher than 
100 kHz. This is above the experimental bandwidth and a direct 
consequence of the strong Rrec reduction [66]. The noise level K is 
extracted by fitting the measured voltage-noise, and is shown in Fig. 
12 as a function of the time elapsed between subsequent 
measurements and the temperature, whose range is fixed to values 
lower than 380 K (the temperature usually used for annealing 
processes) in order to study the slow dynamics of the blend 
modification. This type of monitoring reveals the existence of a noise 
peak at 337 K and a strong decrease of  K (more than two orders of 
magnitude), when cooling the devices subsequently down to room 
temperature. Fig. 12 clearly shows again that a non-reversible process 
took place within the active layer of the solar cell, between the 1st and 
the 2nd thermal cycles. Since the experiment is performed under dark 
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conditions, the photovoltaic performance of the devices can be 
estimated from the transport parameters, in order to understand the 
characteristic mechanisms driven by temperature and their time 
evolution in the BHJ structure. 
 
Fig. 12. Noise level evolution in temperature (top x axis) and time (bottom x axis). 
A noise peak is visible at the breakdown (337 K), while a strong noise reduction is 
observed in the 2nd thermal cycle. 
 
For this purpose, voltage-noise allows to make a direct evaluation of 
the electron mobility  as [72-73] described in Eq. (19). The mobility 
values is obtained by integrating the spectral density curves over the 
whole frequency range where flicker noise appears, i.e., from 1 Hz to 
the intersection frequency with the thermal noise. A marked reduction 
of the electron mobility is clearly seen in Fig. 13, between the 1st and 
the 2nd thermal cycles. This is the direct consequence of the noise 
level reduction observed in Fig. 12, and gives a strong indication on 
the occurrence of degradation phenomena in the solar cell. A low 
charge carrier mobility detrimentally affects the power conversion 
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Fig. 13. Electron mobility, extracted by noise analysis, as a function of the square 
root of the forward voltage. A clear reduction of the mobility is evident between the 
1st and the 2nd thermal cycles, while an exponential dependence on  is 
observed at all investigated temperatures. 
 
efficiency of the devices. Moreover, Fig. 13 (note the logarithmic 
ordinate axis) shows an evident exponential -dependence on . 
This behavior is usually interpreted in terms of the Poole-Frenkel-type 
effect [96] as: 
 
,               (25) 
 
where  is the zero-field mobility, is the vacuum permittivity, 
 the dielectric constant for P3HT:PCBM [56], and 
, being  the temperature at which the mobility 
is independent of the electric field. The same framework of Eq. (25) 
has been extensively applied to describe the electric transport in P3HT 
diodes [100], in fullerene diodes and field effect transistors [101], and 
recently also in OPV cells [102]. There are only two fitting parameters 
in Eq. (25),  and , whose temperature and time evolution is 
shown in Fig. 14. The value of  (left y axis in Fig. 14), extracted by 
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by charge extraction with linearly increasing voltage (CELIV) 
measurements on similar samples [59]. An increase of  with 
temperature during a single thermal cycle is also observed and 
attributed to thermal activated processes. However, between the 1st 
and the 2nd heat treatments the zero-field mobility is reduced of less 
than two orders of magnitude. The same reduction is obtained by 
performing thermal annealing, which is usually considered as 
responsible of the electron mobility decrease by interrupting the 
conjugated structure of C60 [103]. This indicates, again, that a device 
degradation can be induced by thermal stress. The simultaneous 
sensible increase of  (right axis in Fig. 14) gives a 
further confirmation of the occurrence of a non-reversible active layer 
and interface modification between the two thermal treatments. In 
terms of the morphological model of P3HT:PCBMblends proposed by 
Tsoi and coworkers [79], the role played by temperature is to favor the 
ordering of P3HT chains. This effect is resulting in the reduction of 
the device series resistance and recombination resistance, between the 
different thermal cycles, as observed with dc current transport 
measurements. However, this reduction alone does not explain the 
overall noise level decrease in the 2nd thermal cycle. As a matter of 
fact, it has been widely demonstrated that crystallization of P3HT, 
induced by simple thermal annealing, makes P3HT molecules more 
susceptible to oxidation. Moreover, the ordering induces a vertical 
phase separation between P3HT and PCBM molecules, pushing 
PCBM further away from the film-metal interface. This leads to an 
undesirable vertical gradient with a nearly pure P3HT layer at the 
film-metal interface [79, 104]. Here, the vertical phase separation 
between P3HT and PCBM molecules is detected with voltage-noise 
analysis. For the devices, investigated in this work, a noise level peak 
is observed at 337 K, that is the temperature at which the 
crystallization process of P3HT is completed. The non-reversible 
morphological modification of the solar cell active layer after the 
cooling down to room temperature, as indicated by the increasing 
values of , produces a change in the conventional transport 
mechanism of P3HT:PCBM.  
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Fig. 14. Temperature and time evolutions of the zero-field mobility (left y axis) and 
of the Gill’s energy (right y axis). Modifications of the transport properties of 




Fig. 15. Electron mobility as function of the temperature and bias forward voltage, 
computed through the flicker noise analysis, in the bulk heterojunction 
polymer:fullerene solar cells exposed to thermal stress. 
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In particular, an increase of the hopping energy barrier between the 
two nearest delocalized sites occurs, thus limiting the electron 
mobility to lower values. This is experimentally observed during the 
2nd thermal cycle. The simultaneous reduction of the recombination 
resistance and the mobility is compatible with the strong noise level 
reduction, found after thermal annealing. It is shown that noise 
spectroscopy is a powerful experimental technique, very sensitive to 
degradation phenomena occurring in the OPV devices. 
 
3.2.3 Investigation of the solvent influence on polymer-
fullerene solar cells by low-frequency noise spectroscopy 
 
The current density-voltage (J-V) characteristics of the solar cells 
under AM 1.5 illumination prepared with the oDCB reference solvent 
and oDCB + THN mixture solvent are shown in Fig. 16.  
 
 
Fig. 16. Illuminated current–voltage characteristics of solar cells with active layers 
prepared using the solvents oDCB (open circles) and oDCB + THN (full squares). 
 
The computed parameters for the oDCB-based devices are: short 
circuit current density (JSC) ≈ 7.3 mA cm
−2
; open circuit voltage (VOC) 
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≈ 0.58 V; fill factor (FF) ≈ 69%; and power conversion efficiency (η) 
≈ 2.92%. The same parameters for oDCB + THN are: JSC ≈ 7.8 mA 
cm
−2
, VOC ≈ 0.59 V, FF ≈ 69%, and η ≈ 3.17%. The difference 
observed in JSC can be attributed to improvements in the cristallinity 
of the P3HT phase in the mixed solvent blends. 
This is also confirmed by detailed atomic force microscopy and 
transmission electron microscopy analyses that give the indication of a 
phase separation between P3HT and PCBM driven by THN solvent 
addition [59]. Moreover, linear absorption spectra reveal that the 
relative intensity of the P3HT shoulder at 620 nm appears more 
pronounced in the blend deposited from oDCB + THN than from 
oDCB only. This is a further confirmation of the P3HT ordering. 
More information on the dynamic behavior of the photovoltaic 




Fig. 17. Frequency dependence of the voltage spectral density, at a fixed 
temperature (300 K) and bias current (10 µA). Curve 1 is the system background 
noise spectrum, curve 2 refers to the device fabricated with oDCB as solvent, and 
curve 3 refers to the device fabricated with oDCB + THN as solvent mixture. The 
dashed curves are the best fit of spectra 2 and 3 by using equation (6). 
 
In Fig. 16 the voltage spectral traces measured at 300 K and under 
dark conditions with a DC bias current of 10 µA are shown. Curve 2 is 
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related to the blend fabricated with the reference solvent oDCB, while 
curve 3 is related to the blend fabricated with a mixture of oDCB + 
THN solvent. The theoretical model using eq. (6) (dashed curves in 
Fig. 17) describes the experimental data well. The corresponding 
values of the fitting parameters are K = (8.5 ± 0.6) ×10
-11
 and γ = 
(1.00 ± 0.02) for the trace (2) and K = (1.4 ± 0.1) ×10
-9
 and γ = (1.00 
± 0.02) for the trace (3). A shift of fx to lower frequencies and an 
increase of K are observed when the THN solvent is added to the 
solution. At low values of current injection, the depletion capacitance, 
Cdepl, related to the depletion layer at the interface between the blend 
and the cathode, is predominant. Conversely, at high DC bias currents 
the number of charge carriers accumulated in the active layer 
increases, thus producing the consequent enhancement of the chemical 
capacitance, Cµ, compared to Cdepl. By using the zero-temperature 
approximation of the Fermi function at occupancy >1%, the chemical 
capacitance follows the shape of the electron DOS [69].   
 
 
Fig. 18. Experimental DOS computed from noise measurements for solar cells 
fabricated with different solvent additives. The full squares refer to the oDCB + 
THN solvent mixture and the open circles refer to the oDCB solvent. The best fitting 
solid curves are obtained using (20). 
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By extracting the values of the cut-off frequency for different DC bias 
currents, the DOS g(E) and the electron lifetime τn in the PCBM 
material can be computed [61, 85]. In Fig. 18 derived values of the 
DOS distribution for the two investigated samples, with and without 
solvent additive, are shown. In disordered organic semiconductors the 
DOS is usually modelled with a Gaussian distribution [70].  







 from the corresponding interface capacitance [21, 85]. The 
best fitting curves to the experimental data using (20) are shown in 
Fig. 18 as solid lines; the resulting best fitting parameters are listed in 
Table 2. The value of τn is in good agreement with the value reported 
for most semiconducting polymers (≈100 meV) [105]. The values N 
and E0, calculated for the device fabricated with the oDCB + THN 
mixture as solvent, are higher than the ones calculated for the device 
fabricated with the reference solvent. 
 
Table 2: Best fitting values of the parameters in Equation (20). The DOS 






 in the case of the 











) E0 (eV) σn (meV) 
oDCB 0.8 ± 0.1 0.82 ± 0.03 70 ± 7 
oDCB+THN 2.1 ± 0.2 0.92 ± 0.04 122 ± 12 
 
This means that when using only oDCB as the solvent higher energy 
states are not accessible because the recombination kinetics severely 
limit the occupation of the DOS tail. This results in a lower τn value 
[85]. The Gaussian DOS center E0 corresponds to the electron Fermi 
level in the PCBM material. In Fig. 19 the electron lifetimes as a 
function of VF, extracted from the noise spectra as described earlier, 
for the two different types of polymer solar cells are shown. The 
values range between 0.8 and 0.2 ms, decreasing with increasing bias 
voltage (as also shown in inset of Fig. 7). Alternative methods for the 
determination of the charge carrier lifetimes in bulk heterojunction 
solar cells, such as impedance spectroscopy and photoinduced 
absorption, give similar results [92]. The lower values of the electron 
lifetime for the device fabricated with the reference solvent prove that 
strong recombination phenomena occur in the blend, thus limiting the 
charge carriers to occupy higher positions in the lowest unoccupied 
molecular orbital level and reducing the DOS population (N). 
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Fig. 19. Experimental electron lifetime dependence on the forward voltage VF for 
solar cells fabricated with different solvent additives. Full squares refers to the 





In conclusion, characterizations of P3HT:PCBM solar cells have been 
made by means of fluctuation spectroscopy at room temperature and 
in dark conditions. The experimental noise spectrum has been 
reproduced by modelling the photovoltaic device with a simple RC 
circuit, formed by the recombination resistance and the chemical 
capacitance of the active layer. Characteristic parameters, such as 
density of states and electron lifetime, have been extracted from noise 
measurements. The obtained results well compare with those reported 
in literature for similar organic heterostructures.  
The current-voltage characteristics analysis is made in terms of the 
classical Schottky-Richardson emission law, in a temperature range 
between 300 and 340 K. It is found that the thermal stress induces an 
increase in the energy barrier height at the interface between the metal 
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contact and the blend. Simultaneously, a strong reduction of the series 
and recombination resistances of the charge carriers is found, when 
the temperature of 337 K is approached and after the cooling of the 
devices down to room temperature. These effects can be related to the 
well-known crystallization process of P3HT, due to a thermal 
treatment, and to the subsequent ordering of the P3HT chains 
occurring preferentially at the film-metal interface. The ordering of 
P3HT leads to a vertical phase separation between P3HT and PCBM, 
and to the formation of an undesirable structure with a P3HT rich 
region at the film-metal interface. This morphological modification is 
revealed by the noise level monitoring, which shows a peak at the 
temperature where P3HT crystallization is completed. Moreover, 
changes in the electrical conduction of the investigated devices are 
detected by computing the charge carrier mobility through the analysis 
of the flicker noise component. In particular, a decrease of the zero-
field mobility is observed as a consequence of the thermal aging, thus 
inducing possible negative effects on the final device performance. 
The influence of the type of solvent used for the preparation of the 
P3HT:PCBM blend on important device parameters has been 
investigated using fluctuation spectroscopy at room temperature and 
in dark conditions. The increase of the P3HT ordering and the phase 
segregation between the polymer and fullerene in the active layer 
produce a strong reduction of the cut-off frequency, fX, and an 
increase of the noise amplitude, K. An enhancement of the electron 
lifetime extracted from noise measurements for the blends prepared 
with the addition of THN to the reference oDCB solvent has been 
observed. This means that a more efficient charge carrier transport 
occurs in the active layer. The blends obtained using the oDCB 
solvent show a stronger charge carrier recombination at the donor–
acceptor interface that limits the occupation of the upper energy states 
in the lowest unoccupied molecular orbital level. This is reflected in 
the DOS distribution, derived from noise measurements, which 
reveals a lower value of the disorder parameter than the device with 











Zn-complex based on ambipolar 
oxadiazole / carbazole structure: 
Synthesis, optical and electrical 
properties 
In the present chapter, we report on the preparation and 
characterization of a bi-functional mononuclear Zn(II) complex 
(named Zn(OC)2,  (6) in the synthesis scheme of Section 4.1.7). In the 
organic ligands (OC=2-(5-(4-(4-(9H-carbazol-9-yl)butoxy)phenyl)-
1,3,4-oxadiazol-2-yl) phenolate) both the carbazole hole transporter 
unit, and the oxadiazole electron transporter unit are covalently bond. 
In the metal complex, the oxadiazole rings of the two ligands are 
bridged to the tetrahedral zinc(II) atom with the nitrogen atoms and 
two phenoxy groups. The Zn(OC)2 complex exhibits blue 
luminescence in solution and in film and shows bipolar charge 
transport properties. In order to analyze the hole transport properties 
of the organic layer, an heterostructure between the Zn-organic 
compound complex and crystalline silicon (c-Si) has been prepared. 
Moreover, a comparison of the charge carrier mobility with the 
electric field planar and perpendicular to the Zn-organic thin film has 
been made. 
4.1. Experimental 
4.1.1. Materials and synthesis 
 
All reagents and solvents were purchased from Aldrich and Carlo 
Erba. N,N-dimethylacetamide (DMAc) and N,N-dimethylformamide 
(DMF) were refluxed on calciumhydride, distilled in vacuumand 
stored on 4 Å molecular sieves. Other reagents were used without 
further purification. N-(4-bromobutyl) carbazole was synthesized 
according to a previously reported procedure [34]. The OC ligand was 
obtained by the following synthetic steps: 
44                                   ________                                          Chapter 4 
4.1.2. Synthesis of 4-(4’-carbazol-9-yl-butoxy)-benzoic 
methylester (1) 
 
Methyl 4-hydroxybenzoate (0.0300 mol) was dissolved in 250 mL of 
DMF; potassium carbonate was added and a solution of N-(4-
bromobutyl) carbazole (0.0360 mol) in DMF (50 mL) was added drop 
wise to the first solution. The mixture was stirred at 150 °C for 16 h 
and then filtered into water (1200 mL). The aqueous solution was 
placed at 4 °C for 4 h and the solid crude product was filtered under 
vacuum and purified by crystallization from ethanol/water. The ester 
was collected with approximately 70% final yield. Proton nuclear 
magnetic resonance data (
1
H NMR) are reported in the following. 
1
H 
NMR (CDCl3): δ (ppm) = 8.13–8.01 (m, 2H); 7.99 (d, 2H); 7.50–7.45 
(m, 2H); 7.36 (d, 2H); 7.27–7.22 (m, 2H); 6.88 (d, 2H); 4.43 (t, 2H); 
4.02 (t, 2H); 3.92 (s, 3H); 2.12 (m, 2H); 1.91 (m, 2H). 
 
 
4.1.3. Synthesis of 4-(3-(9H-carbazol-9-yl-butoxy) 
benzohydrazide (2) 
Compound 1 (3.00 g) was dissolved in 100 mL of absolute ethanol 
and 100 mL of hydrazine monohydrate were added. The solution was 
stirred at reflux for 2 h, then cooled down in an ice bath. The 
precipitated solid was collected, repeatedly washed with boiling water, 
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and purified by crystallization from dioxane/water. The pure 
hydrazide was obtained with approximately 60% yield. 
1
H NMR 
(deuterated dimethyl sulfoxide, DMSO-d6): δ (ppm) = 9.95 (s, 1H); 
8.18 (d, 2H); 7.78 (d, 2H); 7.65 (d, 2H); 7.47 (t, 2H); 7.21 (t, 2H); 
6.94 (d, 2H); 4.50 (t, 2H); 4.40 (m, 2H); 4.04 (t, 2H); 1.96 (m, 2H); 
1.78 (m, 2H). 
4.1.4. Synthesis of 1-(4-(4’-carbazol-9-yl-butoxy)-
benzoyl)-2-(2-methoxybenzoyl) hydrazine (3) 
 
4.1.5. Synthesis of 9-(3-(4-(5-(2-methoxyphenyl)1,3,4-
oxadiazol-2-yl) phenoxy)buthyl)-9H-carbazole (4) 
 
The freshly synthesized 3 (0.55 g)was poured in 15 mL of 
phosphorous oxychloride (POCl3); the reaction was conducted at 
refluxing temperature for 5 h. The mixture was then slowly dropped 
into ice water (600 mL) and a precipitate was collected. The solid was 
washed and neutralized in 500 mL of aqueous NaOH 0.1 M, and then 
purified by crystallization from DMF/water to obtain blue crystals, 
with m. p. = 158 °C, soluble in chloroform, ethanol, DMF andmost 
organic solvents. 1H NMR (DMSO-d6): δ (ppm) = 8.13 (d, 2H); 7.95 
(d, 2H); 7.90 (d, 1H); 7.61 (m, 3H); 7.43 (t, 2H); 7.25 (d, 1H); 7.18 (t, 
2H); 7.10 (m,3H); 4.47 (t, 2H); 4.06 (t, 2H); 3.91 (s, 3H); 1.94 (m, 
2H); 1.77 (m, 2H). 
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4.1.6. Synthesis of 2-(5-(4-(3-(9H-carbazol-9-
yl)buthoxy)phenyl)-1,3,4-oxadiazol-2-yl)phenol (5): 
ligand OC 
To a solution of 0.50 g (0.00102 mol) of compound 4 in 6.0 mL of 
CH2Cl2 at −78 °C was added drop-wise, over 10 min, 3 mL (0.0030 
mol) of a CH2Cl2 solution of BBr3. The reaction mixture was allowed 
to warm slowly to room temperature. Water (7 mL) was added to the 
reaction mixture carefully, then the reaction mixture was extracted 
twice with 3 mL of CH2Cl2. The organic layer was dried over Na2SO4. 
The solvent was removed by evaporation to yield a blue solid. 
Purification of the residue from 20 mL of ethanol gave the product as 
a blue crystalline solid: 0.30 g (65%): m. p. 192 °C, soluble in DMSO, 
CH2Cl2 and CHCl3. 
Anal. Calc. for C30H25N3O3: C,71.77; H,5.00; N,8.37. Found: C,71.77; 
H,4.55; N,8.37%. 
1
H NMR (DMSO-d6): δ (ppm) = 10.2 (s, 1H); 8.13 (d, 2H); 8.07 (d, 
2H); 7.86 (d, 1H); 7.52–7.44 (m, 4H); 7.29–7.24 (m, 3H); 7.16 (d, 
1H); 7.05 (t, 1H); 7.00 (d, 2H); 4.46 (t, 2H); 4.04 (t, 2H); 2.15 (m, 
2H); 1.91 (m, 2H). 
IR (KBr, cm
−1
): 3446 (w, ν O-H); 3039 (w, ν C-H); 2944 (w, ν NC-
H); 1616, 1509 (s, ar. ν C = C); 1484 (s, al. δ C-H); 1459 (s, ν C-N); 
1259 (s, ν C-O); 748 (w, Ar. δ C-H). 
4.1.7. Synthesis of complex Zn(OC)2 (6) 
To a suspension of compound 2 (0.00134 mol, 0.5 g) in dry DMAc (7 
mL) at room temperature, the 2-methoxybenzoylchloride (0.00134 
mol, 0.199 mL) was added and the reaction was left to take place 
overnight under stirring. The reaction mixture was then poured into 
cold water (600 mL) and the resulting solid product was filtered, 
washed twice with water and dried under vacuum. m. p. = 133 °C. The 
product 3 was used in the subsequent intra-molecular ring closure 
reaction. 1H NMR (DMSO-d6): δ (ppm) = 10.43 (s, 1H); 10.45 (s, 
1H); 8.14 (d, 2H); 7.86 (d, 2H); 7.73 (d, 1H); 7.62 (2, 2H); 7.46 (m, 
 Chapter 4                                  __________                            ______47 
3H); 7.16 (m, 3H); 7.06 (t, 1H); 6.98 (d, 2H); 4.48 (t, 2H); 4.05 (t, 
2H); 3.88 (s, 3H); 1.94 (m, 2H); 1.76 (m, 2H). 
 
 
4.2. Characterization techniques 
Thermal measurements were performed with a DSC-7 Perkin Elmer 
calorimeter under nitrogen flow at 10 °C/min rate. Thermogravimetric 
analysis (TGA) was performed with a TA Instruments SDT 2960 
apparatus, in air at 20 °C/min. X-ray diffraction spectra were recorded 
using a flat camera with a sample-to-film distance of 90.0 mm (Ni-
filtered Cu Kα radiation). The FujifilmMS 2025 imaging plate and a 
Fuji Bio-imaging Analyzer System, mod. BAS-1800, were used for 
recording and digitizing the diffraction patterns. 
1
H NMR spectra were 
recorded with a Brueker DRX/400 Spectrometer. Chemical shifts are 
reported relative to the residual solvent peak. UV–Vis measurements 
were performed with a Perkin-Elmer Lambda 800 Spectrophotometer 
and photoluminescence spectra in solution were recorded with a Jasco 
FP-750 Spectrofluorometer. Elemental analyses for the detection of 
Zn atom were carried out with an atomic absorption 
spectrophotometer (Model Analyst 100, Perkin Elmer) using solutions 
prepared by dissolving the samples in concentrated nitric acid. The C, 
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N and H atoms were analyzed by an Elemental Analyzer CHNS/O 
(Model Flash EA 1112, Thermo), equipped with a thermo-
conductivity detector. IR spectra were recorded with a Thermo Nicolet 
6700 FT-IR spectrometer. Measures were done using the Attenuated 
Total Reflection technique, using a performer plate ZnSe crystal, on 
powder samples or in transmission, using KBr Plates. 
4.2.1. Film preparation and structure characterization 
For the optical characterizations, Zn(OC)2 was dissolved in o-
dichlorobenzene with a concentration of 5 mg/mL and stirred for 12 h 
at 70 °C. The film was deposited by drop-casting on top of sapphire 
substrates and dried for 5 min at 70 °C. In order to measure the 
photoluminescence, the sapphire samples were mounted on the cold 
finger of a nitrogen cooled cryostat and excited with a 377 nm diode 
laser from Coherent Inc. A Veeco Dektak 6 M stylus profiler was used 
to measure the thickness of the layers. A thickness of 800 nm was 
determined at the center of the films. For the preparation of the 
organic diode, indium tin oxide (ITO) coated glass substrates have 
been patterned, cleaned in acetone and isopropyl alcohol, and exposed 
to an oxygen plasma. A thin layer (55 nm) of poly(3,4-
ethylenedioxythiopene) (PEDOT): poly(styrenesulfonate) (PSS) has 
then been spun on top of the ITO and dried at 180° C for 10 min. The 
active layer (800 nm) was spun on top of the PEDOT:PSS layer and 
annealed at 150° C for 10 min. The cathode was deposited by thermal 
evaporation of 20 nm of Ca and 130 nm of Al. The resulting device 
active area is A=0.1 cm
2
. The organic field effect transistor (OFET)  
has been fabricated on highly n-doped silicon substrates with a 
thermally grown layer of SiO2 with a thickness of 230 ± 10 nm. The 
source-drain contacts are Au and have an interdigitated structure with 
channel lengths (L) of 5 μm and channel width (W) of 1 cm. The 
fabrication of the transistor is reported in [106], and the respective 
sketch in the inset of Fig. 3. The source-drain current voltage 
characteristics (Ids-Vds) have been recorded using a Keithley 236 and 
the gate voltage (Vg) has been regulated with a Keithley 2400 source 
measurement unit.  
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4.2.2. Electronic device preparation and electrical 
characterization 
In order to investigate the electrical properties of the organic material, 
organic/inorganic hetero-diodes have been prepared by drop-casting 
the Zn(OC)2 on top of differently doped crystalline silicon (c-Si) 
substrates. In particular n-type, phosphorous doped <110> oriented c-
Si with a resistivity of 7–13 Ω cm and p-type, boron doped <100> 
oriented c-Si (7–13 Ω cm) were used as substrates. The natural oxide 
on the Silicon wafers has been removed with a 2 s dip in 48% HF and 
the substrates have then been rinsed for 2 min with distilled water and 
successively dried with nitrogen. After drop casting the organic 
material, the resulting heterostructure has been dried on a hot plate at 
90 °C for 80 s. Finally, top and back electrode contacts were realized 
using silver paste. The top electrode has been in the case of the hetero-
diode applied on top of the Zn(OC)2 film and in case of the reference 
structure directly on the c-Si wafer. The device area was about 0.1 
cm
2
. Current density–voltage (J-V) measurements have been 
performed without illumination, using the Keithley Model “2400” 
source-measurement unit. The admittance spectroscopy 
characterization has been done using an HP 4109 impedance/gain-
phase analyzer in the frequency range between 100 Hz to 1 MHz and 
under varying dc bias between -1 V to 1.5 V with an ac-signal 
amplitude of 50 mV. 
4.3. Results and discussion 
4.3.1. Structural and thermal characterization 
In Fig. 1, the molecular structure of Zn(CO)2 complex is shown. The 
complex was investigated by means of the VAMP software from 
Accelrys, with the PM6 functional. We performed a single-point 
energy calculation on the minimized geometry and we calculated 
highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) of the complex (Fig. 1, HOMO shown in 
blue, LUMO in yellow). IR (KBr) and 1H NMR (DMSO-d6) spectra 
of all compounds were in good agreement with the postulated 
structures.  
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H NMR spectra of (a) Zn(OC)2 complex and (b) OC ligand in DMSO-d6 (9–
6 ppm region). 
In particular, in Fig. 2, 
1
H NMR patterns for complex and ligand are 
compared. In the spectrum of the Zn(OC)2 complex, four signals 
relative to aromatic protons are shifted at higher delta (ppm) respect to 
the analog protons in the ligand OC. The elemental analysis of the Zn 
content of the complex (see Section 4.1.7.) is slightly lower than the 
nominal Zn content, (probably due to a small amount of complex 
degradation) but substantially consistent with it. Thermodynamic 
properties of ligand OC (5) and complex Zn(OC)2 (6) are given in 
Table 1. Ligand OC (5) and complex Zn(OC)2 (6), as obtained from 
the synthesis, are crystalline materials. We observed that OC ligand 
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exhibits solid-state polymorphism, as confirmed by X-ray analysis at 
room temperature and after crystallization from the melt (Fig. 3a and 
b), and from differential scanning calorimetry (DSC) analysis. 
OC ligand crystallizes from ethanol solution in a crystal form (Tm1 = 
192.0 °C, ΔHm1 = 70.6 J g−1), and it crystallizes from the melt in a 
different form (Tm2 = 196.0 °C, ΔHm2 = 67.5 J g−1). The complex 
Zn(OC)2, during the first heating, shows a crystallization phenomenon 
not reported in Table 1, at 201.17 °C (ΔHc = 13.35 J/g), followed by 
the melting peak at 309 °C (ΔHm = 88.4 J g−1). 
























OC 192.0 70.60 145.0 65.15 196.4 67.54 363.5 
Zn(OC)2 309.5 88.45 - - - - 329.3 
 
a
 First heating run. 
b
 Cooling run. 
c 
Second heating run. 
d 
Initial decomposition temperature, at 5% weight loss. 
 
 
Fig. 3. X-ray diffraction patterns recorded at room temperature on powder sample 
of: (a) ligand OC crystallized from solution, (b) ligand OC crystallized from the 
melt, (c) complex Zn(OC)2 crystallized from solution. 
After melt, in the cooling run, crystalline phase is not restored; this 
may be accounted for the complex molecular geometry of the 
investigated compound. The X-ray diffraction pattern of virgin 
samples of Zn(OC)2 and OC, recorded at room temperature (Fig. 3a 
and c), shows different reflection patterns at low angle diffraction 
region, confirming the different crystalline structures of the two 
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compounds. In the thermogravimetric trace of OC and Zn(OC)2, the 
complete degradation process is observed around 400 °C (Table 1). 
OC shows a complete weight loss at 750–800 °C, while at the same 
temperature the Zn complex shows a residual metal content. 
 
4.3.2. Optical characterization of solution and films 
Fig. 4 shows the UV-Vis absorption spectrum of Zn(OC)2 in ortho-
dichlorobenzene solution (10
−5
 M). The spectrum of Zn(OC)2 is the 
result of different absorption of carbazole and oxadiazole units, as 
already observed for similar compounds [34,50].  
 
 
Fig. 4. UV–Vis absorption spectrum of Zn(OC)2 in ODCB solution. 
 
The carbazole moiety absorbs at 295 nm, while the oxadiazole unit 
shows strong and broad peaks at 321 and 370 nm. Zn(OC)2 displays a 
well detectable fluorescence emission above 400 nm (maximum at 
425 nm) in solid state. Fig. 5 shows the comparison of the 
photoluminescence of the thin film sample at two different 
temperatures. The full line and filled squares curve shows the 
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photoluminescence on film sample at 76 K, and the full line and open 
circle curve refers to the one at 300 K. All the spectra are 
characterized by a broad emission between 400 and 500 nm. The 
deconvolution procedure, performed on the experimental curve 
measured at 76 K, gives two peaks, centered at 424 nm and 460 nm. 
The peak intensity at 300 K is reduced by a fluorescence quenching 
effect, as already observed for other organic molecules [107]. 
 
 
Fig. 5. Photoluminescence spectra on Zn(OC)2 in film at 76 K and 300 K, excited 
with a 377 nm diode laser. 
4.3.3.  Current density-voltage analysis of silicon-organic 
layer heterostructures 
In order to investigate the ambipolar character of the material, we 
deposited the Zn(OC)2 complex film on to two different crystalline 
silicon (c-Si) substrates, n-type and p-type respectively, forming in 
this way two organic/c-Si heterojunctions with the same emitter but 
different base material. For further comparison we deposited the 
silver-paste based top metal films on the two different types of c-Si 
substrates. In order to show that the heterojunction characteristic is not 
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compromised by the formation of electrical shunts between the top 
metal and the substrate (see Figs. 6 and 7) we report a comparison of 
the electrical characteristics of these reference structures, without the 
organic layer, with the organic/c-Si heterojunctions. Comparing the 
current density–voltage characteristics of the resulting devices, with 
and without Zn(OC)2-based layer, we observed a diode type behavior 
with a relatively high rectification ratio (>200 at applied voltages of 1 
V) for both heterojunction devices, independent of the c-Si doping 
type. In the case of the p-type c-Si/organic heterojunction, the forward 
characteristic is observed for a negative voltage applied to the top 
electrode (Fig. 6) and a rectification ratio of 270 between forward and 
reverse current density at an applied voltage value of 1 V has been 
measured. This means that, in this case, the organic film behaves in 
this case as n-type material. The respective reference structure, with 
direct deposition of the silver paste on the p-type c-Si substrate, is 
behaving as a Schottky-diode, though with a very low rectification 
ratio at 1 V of only 5. 
 
 
Fig. 6. Dark current density–voltage characteristics with (open circles) and without 
(filled squares) insertion of Zn(OC)2 complex drop casted onto the p-type crystalline 
silicon substrate. 
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When depositing the organic layer on top of the n-type c-Si substrate, 
the resulting heterojunction has a current density at positive voltage 
higher than that measured when applying a negative voltage to the top 
metal contact (Fig. 7). In this case, the organic layer behaves as p-type 
material and a rather slightly lower rectification ratio of 85 at 1 V has 
been obtained. As in the case of a classical p-n diode, the 
characteristics almost saturates for reverse bias voltages around 1 V 
and in the forward bias regime an exponential increase of the diode 
current density with increasing applied voltage can be observed for 
voltages between 0.1 V and 0.6 V. In the case of the device with direct 
depositing of the top silver paste on top of the n-type c-Si substrate, 
the resulting current density–voltage characteristics shows almost 
perfect ohmic behavior without clear diode formation. 
 
 
Fig. 7. Dark current density–voltage characteristics with (open circles) and without 
(filled squares) insertion of Zn(OC)2 complex drop casted onto the n-type crystalline 
silicon substrate. 
All the current density–voltage characteristics, shown in here, have 
been performed with two voltage slopes, starting always with an 
applied voltage of −1 V to the top  metal contact and increasing 
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subsequently the voltage first stepwise (10 mV steps) up to +1 V and 
decreasing it then with the same step width down to −1 V. For n-type 
c-Si/organic layer heterojunction we have observed a small hysteresis 
(in Fig. 7 the arrows indicates the voltage slope direction for forward 
biased diode), whereas for n-type c-Si/organic layer heterojunction we 
observed almost no hysteresis. This means that charge carrier trapping 
either in the organic material or at the hetero-interface does not 
dominate the electrical characteristics of these diodes. 
4.3.4. Electrical dc and ac characteristics 
In Fig. 8 the current density-voltage (J-V) and the Mott-Schottky plot 
of the Zn(OC)2/c-Si heterostructure are shown. From the Mott-
Schottky analysis of  the capacitance-voltage (C-V) measurements, as 
shown in Fig. 8a, a value of the dopant concentration of the silicon 




 [96] has been deduced in the reverse 
bias voltage range between -0.2 and -0.9V. It is in good agreement 
with the nominal silicon wafer resistivity.  The linear slope in the 
reverse bias region changes to a steeper slope in the forward bias 
regime due to the presence of the acceptor levels (with NA 
concentration) in the forbidden band gap of the silicon, which results 





. As reported by Goodman [108], the frequency 
dependence of the Mott-Schottky plot, shown in Fig. 8a, is due to the 
series resistance of the Zn(OC)2/c-Si heterodiode. It is found that the 
extracted built-in voltage (Vbi) increases with increasing measurement 
frequency. A similar frequency dependence, at low and for 
intermediate frequencies, is also reported by Stallinga [109] for a 
Metal-Insulator-Semiconductor structure based on organic layer used 
as insulating layer. In order to obtain a real value of the barrier height 
(Φb) at the Zn(OC)2/n-Si interface, it is necessary to approximate the 
extracted voltage intercept (V*) in the relation: V* = f(ω2), where ω = 
2πf and f is the frequency. The zero frequency intercept gives an 
approximation value [110] of the barrier height of about 0.84 eV. As a 
consequence, the energetic position of the highest occupied molecular 
orbitals  (HOMO) level for the organic layer can be estimated to have 
a value of  4.47 eV. Thus, the top metal contact works as an ohmic 
contact for the holes, while for the electrons there is an injection 
barrier of Φ = 0.55 eV at the c-Si/top metal interface, while at the 
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Fig. 8.  Current density-voltage characteristics of the heterojunction between n-type 
c-Si and Zn(OC)2 layer at room temperature. The Mott-Schottky plot,  measured 
from 500 Hz up to 30 KHz, is shown in inset (a). The band-diagram of the hetero-
diode and the device cross section are shown  in the insets (b) and (c) respectively. 
The energy levels are referred to the vacuum level. 
At low frequencies and under reverse bias, the ac equivalent circuit of 
the heterostructure is simply composed by a series connection of the 
depletion capacitance (Cdepl) of the silicon substrate and the 
geometrical capacitance (Cg) of the organic layer. The value of the 
capacitance due to the traps in the organic layer is negligible 
compared to Cg. The value of Cg can be estimated taking into account 
the value of Cdepl at 500 Hz and zero applied bias voltage. Known the 
thickness of the organic layer, its relative dielectric constant (εr) has 
been estimated to a value of 4.66. 
In Fig. 8 the voltage dependence of the current density suggests that 
the dominant conduction mechanism in the organic layer is the space 
charge limited current (SCLC) [111]. At low voltages, the curve 
follows an ohmic (linear) regime, due to the presence of the thermally 
58                                   ________                                          Chapter 4 
generated free carriers (n0), related to the shallow defect states, that at 
room temperature do not act as effective charge traps. With increasing 
applied voltage, at V = VΩ, the injected hole concentration exceeds 
that of the thermally generated free carrier concentration and the 
SCLC current becomes dominant. Thus, the current density can be 




, where µh is the hole mobility and ε0 
is the dielectric constant of the vacuum. θ = n/(n+Nt) is the trap 
parameter which takes the effect of the traps on the charge carrier 
mobility into account. It is the ratio between the free injected charge 
carriers (n) and the trap density [111], because it can be assumed, that 
Nt >> n. At high bias voltages, the current increases rapidly and 
reaches the trap-free regime value (θ = 1) at an applied bias VTFL= 
qNtd
2




 is the density of traps and VTFL 
has a value of about  1.8 V. θ can be estimated by the ratio between 
the slopes of the J-V curve in the SCLC regime and in the SCLC trap-
free regime.  
 
Fig. 9.  Measured capacitance as a function of the frequency at different applied 
voltage. In reverse bias V = -1.0 V, 0 V (solid line) and in forward bias V = 0.9 V, 
1.1 V, 1.3 V, 1.5 V ( solid line with symbols). 
The resulting value of θ is 2.47 × 10
-2
. Given the voltage VΩ=0.1 V, at 
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which the transition between the ohmic regime and the SCLC regime 
occurs, an estimation of n0 is possible by using the equation: n0 = VΩ θ 
εr ε0V/(dq), where q is the electron charge. The density of the 













 in the 
free carrier regime. For V < VTFL, the effective charge carrier mobility 








. The rather low value of µh is 
due to the structural disorder of the organic layer [112]. The small 
molecules, that form the organic thin film, do not create an efficient 
path to transport the charge carriers. The long distance between two 
single transport units implies that the holes should have enough 
energy to hop between the delocalized states and then reach the 
interface.  
 
Fig. 10.  Room temperature capacitance-voltage characteristics of the Zn(OC)2/n-Si 
heterojunction diode at frequencies between 500 Hz and 30 kHz. 
An investigation of the solvent concentration and type is under way. 
The hysteresis is due to a capacitive effect. The frequency dependence 
of the capacitance at different bias voltages is shown in Fig. 9. In 
reverse bias (V ≤ 0 V), the charge amount due to the perturbation ac 
signal depends on the Cdepl of the silicon. The contribution of the 
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capacitance of the organic layer is negligible. For larger values of the 
forward bias voltage (0 < V <  0.9 V) the injected holes, from the top 
metal contact, in the organic layer follow the external electric field 
(E
ext
). The increase of the capacitance indicates a re-distribution of the 
injected carriers with a finite transit time [113]. In this voltage region, 
no charge recombination has been observed. At still higher voltage 
forward voltages (V > 0.9 V) the holes are injected into the silicon 
layer and the recombination charge becomes dominant [114]. The 
recombination process consumes the injected carriers, resulting in a 
rapid decrease of the capacitance values. The dependence of the 
capacitance on voltage at various frequencies is shown in Fig. 10. A 
marked peak is evident at V = Vbi = 0.9 V. In Fig. 10 the dependence 
of the C-V curves on the ac characteristic time τac = 1/f is also shown. 
At high frequencies the carriers are not able to follow the ac signal, 
resulting in a capacitance value independent of the applied voltage. 
4.3.5. Comparison of the charge carrier mobility in-
plane and perpendicular to the organic layer  
The schematical molecular structure of Zn(OC)2 is shown in Fig. 11 a. 
The Zn-atom connects the two arms in which the carbazole unit (C)  
transports the holes and the oxadiazole unit (O) transports the 
electrons. In the inset b of Fig. 12 the band diagram of the device with 
the Zn(OC)2 active layer is shown. The energy values are referred to 
the vacuum energy level. Under forward bias, the holes are injected 
into the Zn-compound via the PEDOT:PSS layer, which functions as a 
hole transport layer (HTL), forming a good ohmic contact with the 
Indium Tin Oxide (ITO). The energy value for the HOMO level is 
estimated as 4.44 eV (as reported in section 4.3.4.). Since the active 
layer is a blue emitting molecule [115], the energy level of the LUMO 
is relatively low. In order to enhance the injection of the electrons into 
the LUMO level, the cathode is formed by the deposition of a  thin 
layer of calcium, which is then immediately covered by a capping 
aluminum layer in order to avoid the degradation by oxidation [116]. 
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Fig. 11. a)  Schematical molecular structure of the small molecule Zn(OC)2 (The 
carbazole transports the holes and the oxadiazole transports the electrons). b)  
Configuration of the parallel and the perpendicular electric field, E// and E⊥ 




Fig. 12.  Space-charge limited current characteristics (see straight line) for the diode 
with Zn(OC)2 as active layer. In inset (a) the cross section of the device and in inset 
(b) the band diagram structure of the diode are shown. The energy levels are referred 
to the vacuum level. 
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As a consequence, the electron injection barrier at the cathode is 
lowered. The electric field is applied orthogonal to the film surface 
and the voltage-dependence of the current density reveals a 
conduction mechanism based on the space-charge limited-current 
(SCLC) and follows the Mott-Gurney law: J = 9/8 ε0 εr μ⊥h E
2
/d, where 
E is the applied electric field, d the thickness of the active layer, ε0 the 
permittivity of the free space, εr = 4.66  the dielectric constant of the 
small molecule (as reported in section 4.3.4.) and μ⊥h  the hole 
mobility.   
 
Fig. 13.  Output characteristics for different gate voltages for the organic field effect 
transistor with Zn(OC)2 active layer. In the inset the schematic illustration of the 
device, where S, D and G are the source, the drain and the gate terminal 
respectively, is shown. 
μ⊥h is influenced by the electric field and obeys to the follow equation 
[117]: 
      (26) 
where μ0 is the mobility at zero-field. This means that the barrier at 
the cathode prevents the electron injection and the diode becomes a 
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single carrier hole-only device. By fitting the linear part of the curve 













 have been obtained. In Fig. 13 the output characteristics of the 
OFET with the Zn(OC)2 as active layer for different Vg values is 
shown. From the saturation Ids-Vds characteristics, the hole mobility 




/(WCi) and the threshold voltage Vth have 
been extracted (where Ci is the capacitance of the SiO2 layer ). The 









Vth = 57 V. The low hole mobility and the high Vth suggest a low 
crystallinity of the thin organic film [118]. The asymmetric behavior 
in the output characteristics is due to the existence of the gate leakage 
current in the forward Vds. 
4.4. Summary 
In summary, in this work we have reported the synthesis and the study 
of a Zn(II) complex, Zn(OC)2, as the organic component for 
heterodiode structures. The synthesized complex is a blue emitting 
molecule, quite soluble in chlorinate organic solvents and processable 
into homogenous thin films. We have studied the electrical behavior 
of Zn(OC)2 as electron- or hole-conductor by the characterization of 
heterojunctions, where the organic layer has either been deposited by 
drop-casting on top of p-type or n-type crystalline silicon substrates. 
For Zn-organic compound and c-Si n type heterostructure an electrical 
characterization has been made by current-voltage and capacitance 
measurements. The barrier heights at the interfaces and the value of 
the dielectric constant for the organic layer (εr = 4.66) have been 
determined. The determined low value of the HOMO level energy 
(4.44 eV) allows to form a relatively good ohmic contact with the Ag 
front contact. The dominating electrical conduction mechanism for 
holes  is the trap-controlled space charge limited current. The high 




 results in a low 








which increases up 
to a value of 1.11 × 10
-5
 when all traps are filled.  
 




Investigation of the characteristics of a 
combination of InP/ZnS-quantum dots 
with MWCNTs in a PMMA matrix  
 
In this chapter we want to address if - from the optical point of view - 
another QD/CNT combination, based on the use of commercially 
available InP/ZnS quantum dots and MWCNTs without prior complex 
functionalization can be used for the improvement of polymer based 
solar cells. For this reason the two types of nanostructures were 
introduced into a non-conductive polymer matrix and the effects on 
the optical properties of the films were examined changing the 
concentration of MWCNTs and maintaining constant the QDs 
concentration. A detailed analysis of the results has been done, based 
on the method introduced by Wang et al., who treated a similar 
problem in the case of epoxy/CNT composite films [18].  
 




Dimethylformamide (DMF) is a solvent, commonly used for spin-
coating of polymethyl-methalacrylate (PMMA) with incorporated 
MWCNTs. It was produced by the Carlo Erba company. PMMA is an 
electrically insulating polymer and transparent in the whole visible 
spectral range [119]. The PMMA used was purchased in solid form as 
a white powder from Aldrich. The MWCNTs were commercially 
available non-functionalized type “3100” CNTs from NANOCYL, 
with a typical length of 0.1-10 μm and a typical diameter of 10 nm. 
The quantum dots (QDs) were composed by an indium phosphide core 
with a zinc sulfate shell (InP/ZnS) and were purchased from NN-labs. 
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These nanocrystals (NCs) possess a luminescent quantum yield 
exceeding 60% [120]. The emission peak is located at around 650 nm 
and the absorption peak at 640 nm ±10 nm. The solution of PMMA 
with carbon nanotubes has been prepared using 5 mg of non-
functionalized MWCNTs that were solved in 2 ml of DMF. The 
solution has been sonicated for 30 min at room temperature. For the 
1% solution, few CNTs clusters were visible and for the 4% and 7% 
solutions more clusters were visible in the otherwise homogeneously 
black solution. Successively, the MWCNTs solution has been mixed 
with the PMMA solution in order to obtain the three different 
concentrations of MWCNTs. The three different solutions have then 
been sonicated for 60 min at a temperature of 40°C [121]. Another 
solution was processed in the same way without sonication directly 
after the CNTs addition. These have been used for the preparation of 
the solution containing CNTs as well as quantum dots. InP/ZnS 
quantum dots with a concentration of 5wt% have been added to these 
solutions with the three different MWCNTs. Also in this case 
subsequently the combined solutions with CNTs and QDs have been 




The thickness of the spin-deposited PMMA films with the 
nanoparticles has been determined using a KLA Tencor profilometer 
and ranged typically from 200–300 nm. Photoluminescence 
measurements of the deposited films have been performed using a 
10mW violet laser diode (405 nm) for excitation and a Lot Oriel “M-
74000” monochromator, an UDT type  “PIN10” large area silicon 
photodiode and a Stanford Research “SR830” Digital Lock-in 
Amplifier for detection. Photoluminescence measurements of the 
solutions has been done with a HORIBA “FluoroLog – Modular” 
Spectrofluorometer, using as well a 405 nm laser diode light for 
excitation. UV-VIS transmission measurements have been performed 
using a Perkin-Elmer “Lambda 800” Spectrophotometer. The SEM 
images have been taken using a GEMINI Scanning Electron 
Microscope. 
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5.1.3. Substrate preparation 
 
Before the spin-coating deposition , the glass substrates were cut into 
of 25 mm  x  25 mm squares, sonicated in acetone for 30 min at 40°C 
and subsequently dried with nitrogen. Subsequently the solutions have 
been deposited onto the substrates using a Laurell Technologies model 
“WS-650SZ-6NPP/LITE/IND” spin coater applying a single step with 
of 2000 rpm for 30 s and an acceleration of 1500 rpm/s. The samples 
have been before and after spin-coating annealed for 2 min at 170°C 
on a hot plate. Similar conditions have been proposed in literature for 
PMMA film deposition [124].  
 
5.2. Results and discussion 




Fig. 1. Photoluminescence spectrum of the DMF solvent, with and without addition 
of PMMA. 
 
The photoluminescence (PL) spectra of solutions and films of the 
composite with varied concentration of MWCNTs have been 
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compared in order to verify the incorporation of the QDs into the 
polymer matrix.  
In Fig. 1, where the PL spectra of the DMF only and of the PMMA in 
DMF are shown, we observe three peaks related to the DMF solvent at 
432 nm, 460 nm and a broader peak at 600 nm. Adding the PMMA we 
observe an additional peak around 575 nm and the two DMF peaks at 
432 nm and 600 nm are only visible as small shoulders in the PL 
spectrum. In Fig. 2 for comparison the PL spectra of all the solutions, 
used in the fabrication of the films with 1% carbon nanotubes, are 
shown. It is clearly observable that the 670 nm peak is present only in 
the QD containing solution.  
 
 
Fig. 2. Comparison of the photoluminescence spectra of all solutions used in the 
fabrication of the samples with 1% CNT content. 
 
In Fig. 3 the photoluminescence peak, measured on the deposited 
films containing QDs and 1% MWCNTs, is shown. Basically a broad 
red emission peak at 664 nm with a full width half the maximum 
(FWHM) value of 67 nm, related to the QD emission is observed 
[125]. In Fig. 4 we plotted the PL peaks for the solutions, containing 
additionally as well the InP/ZnS quantum dots as different 
concentrations of carbon nanotubes. One can observe, that with 
increasing CNTs content the PMMA peak at 575 nm is decreasing, 
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while for all three CNT concentrations a relatively broad PL peak 
centered at 670 nm is visible.  
 
Fig. 3. Photoluminescence spectra of the nanocomposite film, deposited on a glass 
substrate with 1% CNTs and 5% QDs in the solution used for spin-coating. 
 
 
Fig. 4. Photoluminescence spectrum of the solutions containing 5% of QDs and 
different CNT concentrations. 
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This peak can be clearly identified as the emission peak of the 
InP/ZnS quantum dots [126]. This confirms the successful 
incorporation of the quantum dots into the deposited films.  
This emission peak could, however, only be observed on the sample 
with a low content of carbon nanotubes. A possible explanation for 
this suppression of the QD photoluminescence with increasing CNTs 
content either a PL quenching due to efficient charge carrier 
separation or an optically shielding of the quantum dots by the CNTs. 
It is for example well known, that the photoluminescence of P3HT is 
quenched by the addition of PCBM [127]. 
 
5.2.2. Optical transmittance measurements 
 
Measuring the optical transmittance as a function of wavelength (as 
shown in Fig. 5a) in the case of the samples with 1% MWCNTs 
concentration an enhancement of the transmittance is observed as 
compared to the pure glass substrate. This can be explained by the 
composite film acting as an antireflective coating for the glass 
substrate. Increasing the carbon nanotube concentration further to a 
value of 4%, we observe an about 8% decrease of the optical 
transmittance in the whole investigated spectral range from 400 nm up 
to 800 nm. Increasing the CNT concentration further to 7%, the 
transmission loss, as compared to the uncoated substrate, is higher 
than 25%. By adding the QDs to the film, the behavior changes (as 
shown in Fig. 5b). We observe a decrease of the transmission only for 
the sample with the highest CNT concentration of 7%. This decrease 
is clearly less pronounced as compared to the case of the sample with 
the same CNT concentration but without quantum dots. This fact is a 
strong indication that the QDs incorporation is altering the CNT 
distribution. In order to exclude the influence of the PMMA polymer 
matrix on light transmittance, a normalized light transmittance, Tn(λ), 
of thin film is calculated by: 
 
Tn(λ)= Tc(λ) / Tm(λ)                 (27) 
 
where Tc(λ) is the light transmittance of either the MWCNTs/polymer 
films or the films with the addition of 5% QDs, and Tm(λ) is the light  
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transmittance of the pure PMMA polymer film without incorporation 




Fig. 5. Optical transmission spectra of PMMA and MWCNTs films on glass for 
different CNT concentrations (a) without and (b) with containing 5% of QDs. 
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Fig. 6 shows the plot of the normalized transmittance at 550 nm 
wavelength (Tn(550)) versus the weight fraction (fw) of the MWCNTs. 
It can been observed that Tn(550) decreased with the increase of the 
MWCNTs content. Adding the QDs, the effect of CNTs on the optical 
transmittance is less marked and thin films are more transparent. In 
order to make the role of the CNTs more evident, the normalized 
transmittance for both the thin films have been interpolated with the 
following polynomial function y = 1 +  a1(λ)fw + a2(λ)fw
2
 at different 
wavelengths. As shown in Figs. 7 and 8 the coefficients a1(λ) and 




Fig. 6. Plot of the optical transmission at 550 nm as a function of the CNT 
concentration in the solution, normalized to the transmission of the PMMA film 
without nanoparticles. 
 
The empirical equations, used for the PMMA/MWCNTs (Eqs. (28), 
and (29)) and for the PMMA/MWCNTs/QDs (Eqs. (30), and (31)) 
thin films are as follows: 
 




              (28) 
a2(λ)   =  30.927 + 0.37474 λ - 3.86 x 10
-4
 λ
2                    
(29) 
a1(λ) = 8.5129 - 0.015798 λ + 1.0625 x 10
-5
 λ
2                    
(30) 
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a2(λ)  = 174.25 - 0.30083 λ - 1.9861 x 10
-4
 λ




Fig. 7. Wavelength dependence of the a1(λ) coefficient for the normalized 
transmittance for the PMMA/CNT thin films with and without QDs. 
 
According to this empirical equations the predicted results of the 
normalized light transmittance of the thin film for the wavelength 
range between 380 nm and 800 nm are shown in Figs. 9 and 10. A 
good agreement between experimental data and empirical equations is 
found. Adding the QDs to the PMMA/MWCNT film, the 
experimental data are equally well fitted except for the film with the 
1% CNT concentration. In order to clarify the influence of the QDs on 
the film transmittance, we plotted in Fig. 11 the optical transmittance 
of the films with QDs and various CNT concentrations normalized to 
the optical transmittance of the respective film without QDs. It can be 
clearly seen, that the decrease of the optical transmission with 
increasing CNT concentration is strongly reduced by the addition of 
the QDs. A possible explanation is that the QD addition induces a 
CNT agglomeration in small areas of the film and hence the effective 
CNT concentration in the remaining areas is strongly reduced.  
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Fig. 8. Wavelength dependence of the a2(λ) coefficient for normalized transmittance 
for the PMMA/CNT thin films with and without QDs. 
 
 
Fig. 9. Measured and simulated wavelength dependence of the light transmittance of 
PMMA/CNT thin films without QDs. 
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Fig. 10. Measured and simulated wavelength dependence of the light transmittance 
of PMMA/CNT thin films with QDs. 
 
 
Fig. 11. Optical transmittance of the films with QDs and various CNT 
concentrations normalized to the optical transmittance of the respective film without 
QDs. 




Fig. 12. SEM images of the samples with QDs and (a) 4% CNTs and (b-c) 7% 
CNTs. 
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This leads to an overall higher transmittance as compared to the more 
homogeneous films without QDs. In order to verify this hypothesis, 
we investigated the film morphology by SEM imaging. In Fig. 12 
SEM images of PMMA/MWCNTs/QDs thin film with high CNT 
concentrations are shown. In the films with CNT weight fractions of 
4% and 7% respectively, indeed a rather inhomogeneous distribution 
of the CNTs can be observed. 
 
5.2.3. Electrical characterization of hetero-diodes with 
organic emitter 
 
Even if the present article is concentrated on the optical properties of 
the nanocomposite material, we add a result regarding the electrical 
properties of the organic material, that helps to understand some of the 
optical results, discussed above. Organic/inorganic hetero-diodes have 
been prepared by spin-coating the PMMA + MWCNTs and the 
PMMA + MWCNTs + QDs thin films on top of a highly doped n-type 
crystalline silicon (c-Si) substrate. The natural oxide on the Silicon 
wafers has been removed prior to the spin-coating process with a 2 s 
dip in 48% fluoridic acid (HF) and the substrates have subsequently 
been rinsed for 2 min with distilled water and then dried with 
nitrogen. Full area back contacts and small area front contacts (about 
2.5 mm
2
) have been added using silver paste. While we did not 
succeed in producing electrically stable hetero-diodes with organic 
emitters based on the combination of PMMA, MWCNT and InP/ZnS 
quantum dots, we obtained reproducible results using a 
nanocomposite emitter without quantum dots and again different 
concentrations of multi-walled carbon nanotubes. 
The resulting current–voltage characteristics for the devices with 
different CNT content are shown in Fig. 13. We observe a diode 
behavior with asymmetric forward and reverse bias current values and 
a rectification ratio of about 10 for the films with CNT addition, while 
in the observed voltage range for the device with pure PMMA emitter 
has current values below 10
-9
 A. This confirms also the good isolating 
properties of the organic matrix. The inset of conduction in forward 
and reverse bias direction lowers monotonically with the increase of 
the CNT content. In Fig. 14 the development of two fundamental 
diode characteristics, namely the ideality factor (n) and the diode  
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Fig. 13. Current–voltage characteristics PMMA (+CNT) on n-type crystalline 




Fig. 14. Diode ideality factor and diode saturation current as a function of the CNT 
concentrations. 
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saturation current (IS) are shown as a function of the CNT 
concentration is shown. The ideality factor decreases monotonically 
from a value of 5.2 for the device with 1% CNTs to a value of 4.0 for 
the device with 7% CNTs and the diode saturation currents increase 
from 7 × 10
-8
 A to 1.5 × 10
-9
 A.  
These values are reasonable for hetero-diodes with a crystalline 
silicon base, including also an isolation layer and in fact the here 
prepared devices can be seen as a mixture between a Silicon/CNT 
Schottky diode and an MIS diode. In literature, we find for example 
ideality factors higher than 2 for polyaniline/crystalline silicon 
heterojunctions [128]. 
Demonstrated by our results, the Schottky diode character becomes 
stronger with increasing CNT concentration. The PMMA polymer 
matrix serves only for the stabilization of the carbon nanotube 




Thin films, deposited by spin-coating, based on the incorporation of 
InP/ZnS quantum dots together with different concentrations of multi-
walled carbon nanotubes in an isolating PMMA matrix have been 
characterized using optical transmittance and photoluminescence 
measurements. The optical transmittance in the visible range of the 
composite films with and without QDs can be described by an optical 
model expressed by second order polynomial equations. The addition 
of the QDs to the PMMA/MWCNTs matrix results, for the films with 
CNT concentrations higher than 1%, in an increase of the normalized 
optical transmittance with respect to the same film without quantum 
dot addition, thus giving an indication for the morphological 
inhomogeneity of the films. Only for the thin film with 1% CNTs and 
5% of InP/ZnS QDs a strong photoluminescence signal related to the 
quantum dots has been observed. Only with the films without 
quantum dot addition we could realize stable crystalline 
Silicon/organic emitter hetero-diodes and the inset of forward bias 











A non-destructive characterization technique, based on low-frequency 
noise spectroscopy, has been implemented in order to describe the 
diffusion and the recombination mechanisms in organic electronic 
devices. Important material parameters, i.e. the charge carrier lifetime 
and  mobility, have been extracted directly from the noise spectra. In 
addition, it has been shown, that the noise analysis is very sensitive to 
the active layer and/or interface modifications and can be used as a 
new tool to optimize the process parameters of polymer solar cells.  
In order to enhance the light absorption of the active layer in the red 
and infrared spectral region of organic solar cells, the addition of 
InP/ZnS quantum dots into the active polymeric layer have been 
considered. Because in this case, however, effective charge carrier 
transport is only possible for high concentrations of quantum dots, an 
alternative way has been considered, by combining the quantum dots 
with carbon nanotubes. As a first investigation, the interplay between 
quantum dots and nanotubes has been investigated by inserting them 
into an isolating matrix polymer, namely PMMA. Thin films of these 
composites have been deposited by-spin-coating on glass and 
crystalline silicon substrates. A simple numerical model for the optical 
transmittance as a function of nanotube content has been developed. 
Furthermore a strong  correlation between morphological 
inhomogeneities and the concentration of  nanoparticles has been 
found. Only for the thin films with quantum dots and low content of 
carbon nanotube a photoluminescence signal could be detected. In 
addition, the electrical characterization of test heterodiode structures 
with silicon base and PMMA/CNT emitter has been done. A Schottky 
type model could be successfully applied to explain the resulting 
hetero-diodes characteristics for a series of devices with different 
carbon nanotube content.  
A new blue emitting and ambipolar small molecule based on 
oxadiazole and carbazole molecules with a central Zn-atom has been 
synthesized and characterized regarding its optical and electrical 
properties. Again a heterodiode test structure with the organic, small 
molecule based, emitter deposited by solution-processing on  top of 
the crystalline silicon base has been fabricated. The transport and 
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dielectric properties have been evaluated by capacitance and current-
voltage measurements. Furthermore, the lateral charge carrier mobility 
has been measured with an organic bottom-gate field effect transistor 
and compared to the vertical mobility, measured on the heterodiode by 
space charge limited current analysis. 
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